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Abstract 


Four  real-time  heuristic  algorithms  for  determining  aircraft  evasion 
strategies  against  a  multiple  missile  threat  are  described*  Algorithms  1 
and  2  are  based  on  a  "myopic"  saddle-point  calculation  which  apportions  the 
projection  of  the  instantaneous  aircraft  acceleration  among  the  normals  to 
the  individual  maneuver  or  guidance  planes  defined  by  each  missile  and  its 
target.  Algorithms  3  and  4  are  also  based  on  ^myopic"*0  saddle-point  calcu¬ 
lations.  These  latter  two  algorithms  apportion  the  projection  of  the  instan¬ 
taneous  aircraft  acceleration  into  the  individual  maneuver  planes  so  as  to 
maximize  the  minimum  of  a  function  which  is  related  to  the  line  of  sight 
rate  of  each  missile  threat.  These  latter  two  algorithms  are  motivated  by 
the  concept  of  anti-proportional  navigation. 

Each  algorithm  has  the  following  properties:  i)  each  requires  rela¬ 
tively  minimal  dynamic  and  parametric  information;  ii)  each  provides  cap¬ 
ability  against  an  N  missile  threat;  iii)  each  generates  aerodynamically 
feasible  aircraft  maneuvers  which  meet  both  structural  and  pilot  stress 
limitations;  iv)  each  is  computable  using  foreseeable  hardware;  v)  each 
exhibits  markovian  behavior,  i.e.,  each  is  restartable  from  present  state 
information. 

> Simulation  results  using  each  algorithm  with  generic  F-4  and  AIM-9 
truth  mode Is, characterized  by  nonlinear  differential  equations,  including 
lift,  drag,  gravity,  3-dimensional  point  mass  dynamics,  aircraft  load  factor 
and  roll  rate  limits,  and  missile  autopilot  dynamics  and  load  factor  limits 
are  presented. 

All  four  heuristic  algorithms  are  motivated  by  a  formal  game  theoretic 
model  for  multiple  missile  evasion.  This  formal  game  theoretic  analysis  is 
included  as  part  of  this  study. 
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1.0  Introduction  and  Summary 

This  report  presents  the  results  of  research  on  the  application  of  a 
blend  of  game  theory,  control  theory,  and  decision  analysis  to  air-to-air 
fire  control.  The  focus  of  this  study  embraces  the  determination  of  aircraft 
evasion  strategies  against  both  single  and  multiple  missile  threats.  The 
results  include: 

i)  The  delineation  of  mathematical  models  for  the  determin¬ 
ation  of  optimal  evasion  strategies  against  multiple  missile  threats. 

ii)  The  design  and  implementation  of  a  series  of  computer 
simulation  models  for  studying  the  characteristics  of  evasive  aircraft 
maneuvers  against  both  single  and  multiple  missile  threats. 

iii)  The  determination  and  validation  of  heuristic  algorithms 
which  could  be  implemented  to  achieve  real-time  onboard  calculation 
and  execution  of  evasive  maneuvers  against  single  and  multiple  missile 
threats. 

This  report  is  presented  in  six  parts: 

Part  1.  Introduction  and  Summary 

Part  2.  Overview,  Alternative  Problem  Characterizations, 
and  Background  Information 

Part  3.  Heuristic  Algorithms  for  Determining  Evasion 

Strategies  Suitable  for  Real-Time  Onboard  Computation 

Part  4.  Computer  Simulation  Models  for  Determining  and 
Evaluating  tne  Global  and  Local  Characteristics 
of  Evasive  Maneuvers 

Part  5.  A  Game  Theoretic  Model  for  Determining  Aircraft 

Evasion  Strategies  Againsc  a  Multiple  Missile  Threat 

Part  6.  Conclusions  and  Recommendations  for  Further  Research. 
The  material  is  presented  in  this  order  to  emphasize  the  goal  of  applicability, 
as  opposed  to  the  delineation  of  elegant  mathematical  models  which  provide 
base  lines  or  figures  of  merit  but  do  not  lead  directly  to  real-time  algorithms. 
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However,  the  historical  evolution  of  this  research  follows  the  ordering 
Part  5,  Part  4  .’art  3. 

The  w'  rk  contained  in  Parts  3  &  4  represent  research  contributions 
by  Mr.  Michael  Sheketoff  and  are  the  basis  for  his  Masters  Thesis  in 
Systems  Engineering  (Sheketoff,  1979) .  Parts  3  &  4  also  provide  the  basis 
for  two  papers  (Sheketoff  &  Mintz,  1979a,  &  1979b) .  The  work  in  Part  5 
represents  research  contributions  by  Mr.  Stephen  F.  Huling  and  are  a  part 
of  his  Ph.D.  Dissertation  in  Systems  Engineering  (Huling,  1979).  Part  5 
also  provides  the  basis  for  a  paper  (Huling  &  Mintz,  1977). 
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2.0  Overview,  Alternative  Problem  Characterizations,  and  Background  Information 
2 . 1  Overview 

The  generic  problem  of  determining  how  to  maneuver  an  aircraft  to  evade 
a  missile  threat  is  by  no  means  new.  The  U.S.  experience  in  Viet  Nam  and  the 
Israeli  experience  in  the  1967  and  1973  wars  have  clearly  demonstrated  the 
need  to  develop  and  perfect  practical  methods  for  blunting  the  effectiveness 
of  various  missile  threats.  We  cite  the  following  open  literature  as  being 
representative  of  recent  work  in  missile  evasion  and  allied  studies  which 
have  been  carried  out  by  other  investigators:  (FAAC,  1977);  (Garnell  &  East, 
1977);  'Grumman,  1975);  (Grumman,  1976);  (Poulter,  1975);  (Shinar  &  Steinberg, 
1976) ;  (TASC,  1977) ;  &  (Veda,  1977) .  The  dual  to  the  missile  evasion  problem, 
which  has  aroused  at  least  equal  interest,  is  the  determination  of  Missile 
Launch  Envelopes  (MLE) .  The  missile  evasion  problem  and  its  dual,  the  MLE 
determination,  are  clearly  linked,  since  knowledge  of  when  or  whether  to 
launch  a  missile  to  counter  an  aircraft  threat  depends  on  the  potential  for 
evasive  maneuvering  on  the  part  of  the  target  aircraft.  We  cite  the  following 
recent  technical  proposals  (submitted  in  response  to  RFP  F33615-77-R-1014) 
by  the  First  Ann  Arbor  Corporation  (FAAC,  1977)  and  the  Veda  Corporation 
(Veda,  1977)  as  useful  sources  of  relevant  information  for  characterizing 
the  problem  of  missile  launch  envelope  sensitivity  analysis  for  an  air-to-air 
missile  engagement. 

Although  the  dual  problems  of  evasive  maneuver  determination  and  launch 
envelope  determination  are  of  interest  in  the  air-to-air  and  ground-to-air 
contexts,  we  shall  focus  our  attention  on  the  air-to-air  case  in  the  remainder 
of  this  report.  The  simulation  models  described  in  Part  4  of  this  report 
could  however  be  relatively  easily  modified  to  represent  the  threat  of  a 
multiple  Surface-to-Air  Missile  (SAM)  attack.  In  principle,  the  real-rime 
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heuristic  algorithms  which  are  described  in  Part  3  of  this  report  could  be 
applied  to  counter  a  multiple  SAM  threat.  In  order  to  evaluate  the  performance 
of  these  heuristic  algorithms  against  a  multiple  SAM  threat,  the  user  would 
need  to  make  some  modifications  in  the  simulation  programs  in  Part  4  to 
account  for  the  appropriate  dynamics  and  guidance  of  the  SAMs. 

2.2  Alternative  Problem  Characterizations  and  Background  Information 

The  art  of  problem  solving  in  an  engineering  setting  requires  that  we 
choose  that  minimal  degree  of  complexity  and  fidelity  for  the  various  models 
which  serve  to  define  our  underlying  problem,  in  order  to: 

i)  capture  a  sufficient  degree  of  accuracy  and 
ii)  provide  a  potentially  tractable  solution  within  the  confines 
of  our  computational  limitations. 

The  determination  of  evasive  maneuvers  against  single  and  multiple  missile 
threats  provides  no  exception  to  this  general  rule.  In  this  section  we  shall 
review  the  qualitative  and  quantitative  aspects  of  a  variety  of  alternatives 
which  have  been  proposed  as  approaches  to  obtaining  a  "solution"  to  the 
evasion  problem  associated  with  a  single  missile  threat.  We  begin  the  dis¬ 
cussion  of  the  determination  of  evasion  strategies  by  considering  a  single 
missile  threat,  since  any  evasion  strategy  whicr  protects  against  a  multiple 
missile  threat  should  have  reasonably  good  properties  when  used  against  a 
single  missile,  rn  the  process  of  delineating  various  approaches  to  the 
single  missile  evasion  problem,  we  shall  refer  to  the  dual  problem,  which 
we  have  referred  to  previously  as  the  MLE  determination.  This  review  of 
cur?.  thinking  about  the  MLE  problem  will  provide  us  with  a  useful  base 
lire  to  ~ompare  such  common  facets  as: 

i)  Modeling  Assumptions,  & 
ii)  Parametric  Variability. 
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The  taxonomy  of  missile  evasion  and  MLE  studies  includes: 

i)  The  classification  of  the  models  of  the  underlying  dynamical 
systems . 

ii)  The  classification  of  decision  criteria  which  are  used  to 
measure  the  success  of  a  given  missile  evasion  scheme,  or 
the  effectiveness  of  a  given  missile  engagement  opportunity 
against  a  maneuvering  target, 

iii)  Evasive  maneuver  modeling  and  generation. 

The  characteristics  of  the  underlying  dynamical  models  can  be  separated 
into  two  basic  classes: 

i)  Purely  Deterministic  Models,  & 

ii)  Models  which  include  Stochastic  Effects. 

These  two  classes  can,  in  turn,  be  partitioned  by  taxonomic  aspects  of  model 
complexity  and  applicability ,  which  are  determined  by  the  design  and  level 
of  detail  incorporated  in  the  models  of  missile  and  aircraft  flight  dynamics, 
control  systems,  and  sensor  behavior.  These  taxonomic  aspects  could  include 
the  following  mutually  dependent  considerations: 

i)  Nonlinear  vs  linear  models  of  system  dynamics, 
ii)  Inclusion  vs  exclusion  of  various  lift,  drag,  and  gravity  terms, 

iii)  3-dimensional  kinematic  behavior  vs  2-dimensional  kinematic 
behavior. 

iv)  Incorporation  of  constraints  on  missile  and  aircraft  maneuvers, 

v)  Incorporation  of  deterministic  and  stochastic  aspects  of  sensor 
and  seeker  dynamics,  underlying  constraints,  and  error  sources. 

We  have  classified  the  eight  references  cited  in  Section  2.1  based  on 
these  taxonomic  considerations.  The  results  of  our  classification  are  contain¬ 
ed  in  Table  2-1.  We  emphasize  that  these  eight  references  are  merely 
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representative  of  recent  work  in  missile  evasion  and  allied  studies,  and  that 
these  references  are,  in  their  totality,  neither  complete  with  respect  to  the 
available  literature,  nor  exhaustive  with  respect  to  its  content.  We  also 
note  that  the  design  and  rendering  of  a  matrix  or  table  for  classifying  the 
taxonomic  aspects  of  a  lengthy  report,  monograph,  or  proposal  is  subject  to 
the  interpretive  analysis  of  the  reviewer,  and,  hence,  the  reader  should  refer 
the  original  work  to  obtain  the  complete  picture.  It  is  also  important  to 
recognize  that  each  report,  monograph,  or  proposal  was  prepared  with  reference 
to  some  specific  set  of  goals,  and,  hence,  any  blanket  conqparison  between 
these  works  is  to  some  degree  inherently  unfair. 
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Table  2-la 


Reference  Identification  and  Miscellaneous  Notes 


Reports 

Reference  1.  (TASC,  1977)  : 

Brown,  C.M. ,  and  D.H.  Johnson,  "Fire  Control  Simulation  (FICS)  User's 
Manual , "  The  Analytical  Sciences  Corp. ,  TR-750-1,  July  1977. 


Reference  2.  (Grumman,  1976) : 

Carpenter,  G.  and  M.  Falco,  "Supercruise  Vulnerability  To  Surface-To-Air 
Missile  Threats,"  Grumman  Aerospace  Corp.,  1976. 


Reference  3.  (Shinar  &  Steinberg,  1976) : 

Shinar,  J.  and  D.  Steinberg,  "Analysis  Of  Optimal  Evasive  Maneuvers  Based 
On  A  Linearized  Two-Dimensional  Kinematic  Model,"  Technion  -  Israel  Institute 
Of  Technology,  T.A.E.  Report  No.  230,  1976. 


Reference  4.  (Poulter,  1975) j 

Poulter,  R. A. ,  "Differential  Game  Guidance  Versus  Proportional  Naviga¬ 
tion  For  An  Air-To-Air  Missile,"  Air  Force  Institute  Of  Technology,  GA/MC/75-5, 
December  1975. 

Reference  5.  (Grumman,  1975)  : 

Carpenter,  G.  and  M.  Falco,  "Analysis  Of  Aircraft  Evasion  Strategies  In 
Air-To-Air  Missile  Effectiveness  Models,"  Grumman  Aerospace  Corp.,  Report  No. 
RE-506,  August  1975. 


Monographs 

Reference  6.  (Garnell  &  East) : 

Garnell,  P.  and  D.J.  East,  Guided  Weapon  Control  Systems,  Pergamon 
Press,  1977. 


Proposals  -  MLE  Sensitivity  Analysis 
Reference  7.  (FAAC,  1977) ; 

FAAC  Proposal  FP402U/2762,  "Part  I  -  Technical  Proposal  For  A  Missile 
Launch  Envelope  Sensitivity  Analysis,"  First  Ann  Arbor  Corp.,  January  1977. 


Reference  8.  (Veda,  1977) : 

Veda  Proposal  13005-77U/Q0105,  "Technical  Proposal  Volume  I  -  Missile 
Launch  Envelope  Sensitivity  Analysis,"  Veda  Corp.,  January  1977. 
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Continuation  of  Table  2-la 
Miscellaneous  Notes 


Reference  1,  Abstract: 

"This  laser's  manual  documents  the  Fire  Control  Simulation  (FICS)  computer 
program.  FICS  is  a  FORTRAN  simulation  designed  for  the  evaluation  of  a  wide 
range  of  defensive  fire  control  processing  techniques  for  a  single  missile- 
target  in  a  three  dimensional  engagement.  It  contains  .realistic  models  for 
attacking  missiles,  aircraft  maneuver  dynamics,  escorted  aircraft,  coarse 
tracking  sensors,  a  fine  tracker,  and  a  weapon  pointing  and  acquisition 
system.  In  addition,  it  contains  algorithms  for  target  tracking,  threat  and 
kill  assessment,  weapon  handover,  and  flight  control  handover.  ...  It  has  full 
monte  carlo  statistical  evaluation  capabilities  ...  " 

Reference  2,  Abstract: 

"This  paper  presents  a  new  effectiveness  methodology  with  which  to  quanti¬ 
tatively  analyze  vulnerability/survivability  of  aircraft  to  surface-to-air 
missile  threats.  Supercruiser  survivability  tradeoffs  with  maneuver  perform¬ 
ance  and  threat  warning  system  parameters  are  presented  for  a  known  SAM  threat. 
In  addition  the  survivability  sensitivity  to  a  variety  of  penetration  altitude 
and  Mach  number  flight  conditions  has  been  examined. 

The  approach  is  a  blend  of  optimal  control  theory,  stochastic  learning 
theory  and  dynamic  simulation  resulting  in  a  learning  algorithm  which  permits 
the  evaluation  of  aircraft  evasive  maneuvering  as  an  integral  part  of  the 
survivability  neasure.  The  methodology  develops  optimal  evasive  strategies 
in  the  form  of  a  feedback  control  policy  based  upon  a  discretized  set  of 
information  states  which  are  available  as  visual  or  threat  warning  system 
cues  to  the  pilot.  The  algorithm  develops  evasive  strategies  using  the 
optimization  criteria  of  maximizing  the  survival  probability  for  all  possible 
missile  launch  conditions." 

Reference  3,  Abstract: 

"Optimal  evasion  from  proportionally  guided  missiles  is  analyzed  assuming 
two-dimensional  linearized  kinematics.  By  this  assumption  a  simple  search 
technique  can  be  used  instead  of  the  cumbersome  solution  of  a  two  point  bound¬ 
ary  value  problem.  Due  to  the  simplicity  of  this  approach  it  is  possible  to 
include  in  the  mathematical  model  factors  which  have  been  neglected  in  other 
analytic  studies.  It  is  demonstrated  that  these  factors  as:  the  exact 
dynamic  structure  of  the  guidance  system,  the  location  of  the  saturating 
element  in  the  guidance  loop,  the  limited  roll  rate  of  the  evading  aircraft, 
etc.,  have  major  effects  on  the  optimal  maneuver  sequence  and  determine  the 
order  of  magnitude  of  the  resulting  miss  distance. 

Comparison  with  studies,  which  used  non-linear  kinematic  models,  shows 
that  the  domains  of  validity  of  linearized  kinematics  and  two-dimensional 
analysis  coincide.  In  the  case  of  optimal  evasion  assessment,  both  assumptions 
are  limited  in  their  validity  to  nearly  head-on  or  tail  chase  engagements. 

To  analyze  engagements  of  other  initial  conditions  a  three-dimensional  model 
is  required.  The  method  described  in  this  paper  can  be  extended  for  this 
type  of  three-dimensional  study." 
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Continuation  of  Table  2- la 
Miscellaneous  Notes 


Reference  4,  Abstract: 

"Proportional  navigation  is  a  closed  loop  optimal  control  for  the  case 
of  a  linear  dynamic  model  of  the  air-to-air  missile  intercept  problem  and  a 
quadratic  cost  function  (Ref  ...  ). 

This  paper  presents  a  differential  game  model  of  the  intercept  problem 
using  nonlinear  realistic  dynamics,  free  final  time  and  a  terminal  cost 
function  related  to  probability  of  kill.  With  this  model  proportional  navi¬ 
gation  is  no  longer  optimal  and  the  extent  of  its  nonoptimality  is  indicated 
for  a  range  of  saddle  point  solutions. 

A  guidance  concept  based  on  differential  game  theory  is  discussed  and  is 
compared  to  proportional  navigation  in  an  off  line  simulation.  The  consider¬ 
able  gains  made  by  this  scheme  over  proportional  navigation  provide  the  incen¬ 
tive  to  develop  a  real-time  version." 

Reference  5,  Abstract: 

"This  report  presents  a  new  methodology  with  which  to  quantify  missile 
effectiveness  and  aircraft  vulnerability.  The  approach  is  a  blend  of  applica¬ 
tions  of  optimal  control  theory,  stochastic  learning  theory,  and  simulation. 
This  methodology  permits  an  evaluation  of  aircraft  evasive  maneuvering  and 
countermeasures  deployment  strategy  as  an  integral  part  of  the  effectiveness/ 
vulnerability  measurements.  The  strategy  determination  is  a  form  of  feedback 
control  policy  based  upon  a  discretized  set  of  information  thresholds  in  the 
relative  coordinate  space  as  would  be  available  to  an  evading  aircraft  pilot. 
The  optimization  criteria  of  an  evading  aircraft  is  that  of  maximizing  the 
survival  probability  for  all  relative  coordinates.  The  representative  model 
chosen  for  illustration  is  evasion  from  a  close  range  air-to-air  IR  guided 
missile." 

Reference  6,  Notes: 

The  subject  matter  of  this  monograph  is  based  on  lecture  notes  given  to 
the  Guided  Weapon  Systems  (M.Sc.)  Course  at  the  English  Royal  Military  College 
Of  Science  in  Shrivenham,  Swindon.  At  the  time  of  the  completion  of  this 
monograph  (August  1976) ,  this  course  was  the  only  one  of  its  type  in  the  U.K. 
and  had  been  given  continuously  for  twenty  six  years. 

The  chapter  headings  cure:  The  Performance  Of  Target  Trackers;  Missile 
Servos;  Missile  Control  Methods;  Aerodynamic  Derivatives  And  Aerodynamic 
Transfer  Functions;  Missile  Instruments;  Autopilot  Design;  Line  Of  Sight  Loops; 
Homing  Heads  And  Associated  Stability  Problems;  Proportional  Navigation  And 
Homing  Guidance  Loops;  Wiener  Filter  Theory  Applied  To  Guidance  Loop  Design; 
Modern  Control  Theory  Applied  To  Guidance  Loop  Design;  Kalman  Filters. 

Chapter  9,  Proportional  Navigation  And  Homing  Guidance  Loops,  contains 
the  bulk  of  the  material  in  this  monograph  relating  to  the  effects  of  target 
maneuver. 


2-8 


Continuation  of  Table  2-la 
Miscellaneous  Notes 
References  7  &  8,  Notes: 

The  FAAC  Technical  Proposal  For  A  Missile  Launch  Envelope  Sensitivity 
Analysis  contains  a  very  concise  and  lucid  description  of  the  essential 
factors  effecting  the  performance  of  an  air-to-air  missile  of  the  AIM-9L 
variety.  This  proposal  calls  for  the.  use  of  an  extensive  simulation  model 
of  the  AIM-9L,  which  had  been  developed  by  FAAC,  to  generate  the  required 
MLE  sensitivity  information.  Similarly,  the  Veda  Technical  Proposal  For  A 
Missile  Launch  Envelope  Sensitivity  Analysis  calls  for  the  use  of  an  extensive 
six  degree  of  freedom  cross-coupled  flyout  simulation  model  for  the  AIM-9L. 
This  latter  model  was  available  through  the  Naval  Weapons  Center  (NWC)  at 
China  Lake. 

These  simulation  models  represented,  as  of  January  1977,  the  most  widely 
accepted  digital  computer  simulation  models  of  the  AIM-9L.  In  light  of  the 
extensive  detail  incorporated  in  these  AIM-9L  models,  the  fidelity  of  the 
missile  models  used  in  References  7  &  8  will  dominate  the  fidelity  of  the 
generic  air-to-air  missile  models  used  in  the  other  representative  references. 
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Table  2- lb 


MSL  Dynamics 
Reference (s)  Type  # 
3,  6  I 


Description 

Linearized  2-dimensional  point  mass  model  with  load 
factor  constraint. 


II 


Nonlinear  2-dimensional  point  mass  model  with  load 
factor  constraint. 


1*  2,  4 


III  Nonlinear  3-dimensional  point  mass  model  with  load 

factor  constraint. 


7,  8 


IV 


AIM-9L  industry/government  standard. 


MSL  Autopilot-Airframe  Dynamics 
Reference (s)  Type  #  Description 

4  0  Zero  order  dynamics  in  roll  and  AOA. 


5 


I 


1 


II 


2  III 

3,  6  IV 

7,8  V 

Stochastic  Attributes 


Reference (s)  Type  # 

2  -  5,  7,  8  0 

6  I 

1  II 


Linear  first  order  roll  (or  yaw)  dynamics  and  zero 
order  AOA  dynamics. 

Linear  first  order  AOA  dynamics  and  zero  order  roll 
dynamics. 

Linear  first  order  pitch  and  yaw  dynamics. 

Linear  nth  order  dynamics  for  lateral  acceleration 
with/without  saturating  elements. 

AIM-9L  industry/govemment  standard. 


Description 

None  -  a  purely  deterministic  model  or  application. 

Angular  noise  and  glint  modules  in  monte  carlo 
missile  simulation. 

Large  scale  monte  carlo  simulation  model  including 
effects  such  as:  missile  seeker/sensor  noise  and 
wind  gust  disturbances. 
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Continuation  of  Table  2-lb 


Missile  Seeker/Sensor  Dynamics  and  Error  Sources 


Reference (s)  Type  #  Description 


2,  3,  4 


None  -  no  dynamical  constraints  or  error  sources 
are  imposed  in  these  models. 

FOV  limits,  gimbal  limits,  gimbal  rate  limit,  and 
first  order  seeker  dynamics. 

FOV  limits,  gimbal  limits,  gimbal  rate  limit,  second 
order  seeker  dynamics,  angular  noise,  and  glint. 

Noise  corrupted  measurements  of  target:  range, 
azimuth,  elevation,  range  rate,  azimuth  rate,  eleva¬ 
tion  rate,  and  glint  (optional). 

AIM-9L  industry/govemment  standard. 


Aircraft 


Reference (s)  Type  #  Description 


2-D  kinematics  with  piecewise  constant  longitudinal 
acceleration  (3  values:  +a,  0,  -a)  -  motion  along 
simple  arcs. 

2- D  kinematics  with  constant  aircraft-missile  closure 
rate  and  piecewise  constant  lateral  acceleration. 

Same  as  Type  II  with  a  ramp  function  modification  of 
the  piecewise  constant  acceleration  profile  when  roll 
rate  limits  are  assumed. 

3- D  kinematics  with  constant  airspeed  and  zero  order 
lateral  acceleration  dynamics  with  load  factor  con¬ 
straint. 


Same  as  Type  IV  without  constant  airspeed. 

3-D  kinematics  with  constant  airspeed  and  first  order 
roll  and  AQA  dynamics  with  load  factor  constraint. 
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3.0  Heuristic  Algorithms  for  Determining  Evasion  Strategies  Suitable  for 
Real-Time  Onboard  Computation 

3.1  Introduction 

In  this  chapter  we  examine  the  real-time  computation  of  aircraft  evasion 
strategies  against  a  multiple  missile  threat  using  a  game  theoretic  approach. 

We  describe  herein  several  related  heuristic  algorithms  for  determining 
evasion  strategies  suitable  for  real-time  onboard  computation.  These  algorithms 
were  developed  subject  to  the  following  goals  and  constraints.  Each  algorithm 
should : 

i)  require  relatively  minimal  dynamic  and  parametric  information, 

ii)  provide  capability  against  an  N  -  missile  threat  (N  >_  2)  , 

iii)  generate  aerodynamically  feasible  aircraft  maneuvers  to  meet 
aircraft  design  limitations  and  pilot  stress  limitations, 

iv)  be  computable  using  foreseeable  hardware,  and 

v)  exhibit  markovian  behavior  (be  restartable  from  present 
state  information) . 

3.2  Aircraft  and  Missile  Models 

For  the  purposes  of  this  study  we  chose  generic  models  of  the  F-4  aircraft 

(Phantom  II  -  McDonnell  Douglas)  and  AIM-9  missile  (Sidewinder) .  Salient 

features  of  the  aircraft  and  missile  models  employed  in  this  study,  include: 

i)  nonlinear  models  of  system  dynamics, 

ii)  the  inclusion  of  various  lift,  drag,  gravitational  forces, 

iii)  3-dimensional  kinematic  bevavior  with  point  mass  dynamics, 

iv)  the  incorporation  of  constraints  on  missile  and  aircraft 

maneuvers,  including:  missile  autopilot  dynamics,  aircraft 
roll  rate  limits,  and  missile/aircraft  load  factor  constraints, 

and 

v)  the  assumption  of  a  deterministic  environment  and  perfect 
tracking. 
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The  choice  of  this  type  of  model  was  made  to  achieve  a  balance  between  simula¬ 
tion  fidelity  and  conputational  complexity ,  in  the  context  of  taking  a  first 
cut  at  the  real-time  computation  of  aircraft  evasion  strategies  against  a 
multiple  missile  threat.  The  attributes  of  the  aircraft  and  missile  models 
incorporated  in  this  study  are  closely  matched  by  the  dynamical  models  used 
in  (Poulter,  1975).  The  differences  include  the  addition  of  missile  autopilot 
dynamics  and  aircraft  roll  rate  limitations  in  the  present  study. 

The  details  of  the  F-4  aircraft  and  AIM-9  missile  dynamics  used  in  the 
present  study  are  contained  in  Table  3—1. 
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Table  3- la 

Definition  of  Dynamic  Variables  and  Parametric  Values  which  appear  in  the 
Aircraft  and  Missile  Models 


Generic  Variables  and  Parameters  Common  to  both  Aircraft  and  Missile  Models: 


x,  y,  z 
v 

y 

a 


T 

a 

P 

L 

D 

m 


9 

n 


S 

P 


earth  based  inertial  coordinate  system  (Cartesian) , 

airspeed  (magnitude) , 

angle  defined  by  velocity  vector  and  horizontal  (x-y)  plane, 

angle  defined  by  the  projection  of  the  velocity  vector  in  the 
horizontal  plane  and  the  x-axis , 

thrust  along  vehicle  center  line, 

angle  of  attack  (AOA) , 

vehicle  bank  angle, 

lift  force  (normal  to  velocity  vector  and  wing  plan^orm)  , 

drag  force  (colinear  with  velocity  vector) , 

vehicle  mass, 

gravitational  constant, 

vehicle  load  factor  (n  =  L/mg) , 

coefficient  of  lift, 

coefficient  of  drag, 

characteristic  area, 

air  density  (p  =  p^e  P  ) 
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Table  3-lb 


F-4  Aircraft  Dynamics 


dx/dt  =  vcos (y) cos (a) 
dy/dt  =  vcos (y) sin(a) 
dz/dt  =  vsin(Y) 

dv/dt  =  (Tcos (a) -D) /m  -  gsin(y) 
dy/dt-  (L+Tsin(a) ) cos (y) /mv  -  gcos(y)/v 
da/dt  =  (L+Tsin (a) ) sin (y)/mvcos (y) 


=  k  +  k.jZ  +  k  v 

•i.  J 


-  CLpv  S/2 


=  CLa 
a 


-  CDpv  S/2 


=  C  +  kC 
D  L 

o 


Parametric  Values 
m  =  1243.0  slugs 

=  22347.0  lbf  (Afterburner  Off) ;  35347.0  lbf  (Afterburner  On) 

k2  0.7018  lbf/ ft 

k3  =  18.141  lbf-sec/ft 

C,  =  3.8986  rad"1 


0.01675 


0.223 


530.0  ft 
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Conti ..uation  of  Table  3-lb 
Constraints  on  Aircraft  Dynamics 

The  maximum  allowed  load  factor  is  8.0  g.  The  angle  of  attack  is  limited 
to  a  maximum  value  of  25.0  degrees.  This  corresponds  to  approximately  29  AOA 
Units  on  the  cockpit  AOA  Indicator,  based  on  the  relation, 

AOA  Units  =  1. 03 (a (degrees)  +  3.3)^. 

The  maximum  roll  rate  is  limited  to  600  deg/sec.  This  is  three  times  the 
maximum  suggested  roll  rate  in  the  F-4  "dash  -  one  manual"  (USAF,  1977).  The 
consequences  of  rolling  at  this  higher  rate  could  include  damage  to  missile 
stores.  However,  we  have  learned  through  informal  conversations  with  F-4 
pilots,  that  F-4  roll  rates  in  excess  of  600  deg/sec  could  be  employed  in 
certain  combat  situations. 


t  McDonnell  Douglas  Co.  -  Private  Communication 
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Table  3-lc 

AIM-9  Missile  Dynamics 

dx/dt  =  vcos (y) cos (a) 

dy/dt  =  vcos (y) sin (a) 

dz/dt  =  vsin(Y) 

dv/dt  =  -(D/m  +  gsin(Y)) 

dY/dt  =  Lcos(vi)/mv  -  gcos(Y)/v 

da/ dt  =  Lsin(p)/mvcos(Y) 

da/dt  =  - (a  -  a  )/x;  a  =  AOA  commanded  by  missile  guidance  system 
com  com 

L  =  CTpv2S/2 

C  =  C  a 

L  L 

a 


D 

C 


=  CDpv  S/2 


=  C_ 


+  kC. 


Parametric  Values 


m 

= 

3.2  slugs 

cL 

s 

22.918  rad' 

a 

cD 

= 

0.7 

o 

K 

a 

0.042 

s 

= 

0.223  ft2 

1 

0.15  sec 
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Continuation  of  Table  3-lc 
Missile  Guidance  Law 
Proportional  Navigation  Relations: 

Let  0  and  ^  denote  respectively,  the  yaw  ard  pitch  line  of  sight  (los) 
angles,  for  the  los  defined  by  the  missile  and  aircraft  depicted  in  Figure  3-lb. 
Let  d0/dt  and  difi/dt  denote  their  respective  rates. 

Classical  proportional  navigation  (AFA,  1975)  provides  that  the  missile 
pitch  and  yaw  rates  (dy/dt  &  da/dt)  are  determined  by:  dy/dt  =  R^difi/dt,  and 
dcr/dt  =  Ryd9/dt,  where  R^  and  R^  are  the  Proportional  Navigation  Constants  in 
pitch  and  yaw.  Hence, 

tan(p)  =  (R  d0/dt)/(R  d^i/dt  +  gcos(y)/v), 

y  p 

n  =  (R^d0/dt) vcos (y) /sin(p) ,  if  d0/dt  /  0 

and 

n  =  (vR^dip/dt  +  geos (y) ) /geos (p) ,  if  d0/dt  =  0. 

In  this  simulation  we  have  specified  that  R  =  R  =4.5.  We  remark  that  the 

P  y 

AIM-9L  is  roll  rate  stabilized,  and,  hence,  the  pitch  and  yaw  commands  in  the 
present  simulation  are  unrealistic  to  the  extent  that  the  lateral  acceleration 
components  will  vary  by  as  much  as  a  factor  of  (2)  ,  and  the  instantaneous 
value  of  this  factor  will  depend  on  the  roll  history  of  the  missile  (FAAC ,  1977)  . 

Constraints  on  Missile  Dynamics 

The  missile  load  factor  is  constrained  to  be  less  than  or  equal  to  15.0  g 
in  absolute  value.  No  roll  rate  limit  is  specified.  The  AOA  rate  is  limited 
through  the  first  order  dynamics  specified  previously  in  this  Table  (t  =  0.15  sec). 
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Figure  3- lb 


z 


Definition  of  Missile-Aircraft  los  Angles 
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3.3  Remarks  on  Modeling  Philosophy  and  Underlying  Assumptions 

The  choices  of  aircraft  and  missile  models  incorporated  in  this  study 

were  made  to  capture  those  attributes  of  both  dynamical  systems  which  were 

felt  to  be  important  in  determining  significant  aspects  of  both  global  and 

local  characteristics  of  missile-aircraft  interception  behavior.  In  compari-- 

son  with  the  missile  models  employed  in  the  eight  exemplary  references ,  which 

were  reviewed  in  Chapter  2,  the  missile  model  employed  in  the  present  study 

is  basically  similar  in  detail  to  the  deterministic  aspects  of  the  generic 

missile  model  described  in  (TASC,  1977),  the  generic  missile  model  described 

in  (Grumman,  1S76) ,  and  the  generic  missile  model  described  in  (Poulter,  1975) 

-  augmented  with  autopilot  dynamics.  In  making  a  similar  comparison  among 

the  aircraft  models,  we  note  that  the  aircraft  model  employed  in  the  present 

study  is  similar  in  detail  to  those  described  in  (Grumman,  1976)  and 

(Poulter,  1975)  -  when  both  are  augmented  to  include  aircraft  roll  rate  limits. 

3.3.1  Attributes  of  Aircraft-Missile  Models  in  the  Context  of  Evasive 
Aircraft  Maneuvering 

The  choice  of  3-dimensional  nonlinear  models  including  lift,  drag,  and 
gravitational  forces,  as  well  as  the  incorporation  of  constraints  such  as 
missile  autopilot  dynamics,  aircraft  roll  rate  limits,  and  missile-aircraft 
load  factor  limits,  provides  the  means  for  accounting  for  significant  aspects 
of  the  global  characteristics  of  missile-aircraft  interception  behavior. 

The  assumption  of  "linearizability"  has  been  invoked  in  prior  studies, 
e.g. ,  (Shinar  &  Steinberg,  1976)  and  (Garnell  &  East,  1977).  This  assumption, 
when  coupled  with  a  deterministic  model,  allows  one  to  analyze  the  evasion 
problem  as  a  fixed  terminal  time  problem  with  vehicles  that  have  constant  air¬ 
speed.  The  validity  of  this  type  of  analysis  is  limited  basically  to  end 
game  analyses  on  the  order  of  ten  missile  autopilot-airframe  time  constants 
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in  duration,  with  an  engagement  geometry  which  is  within  a  small  perturbation 
from  tail-chase  or  head-chase  conditions  (Shinar  &  Steinberg,  1976) ,  or  within 
a  small  perturbation  from  a  collision  -  constant  velocity  -  flight  path 
(Garnell  &  East,  1977) .  The  analysis  based  on  linearization  is  useful  in  the 
end  game,  when  the  conditions  for  its  validity  are  met.  However,  the  linear-  I 
ization  approach  does  not  allow  for  the  effect  of  global  maneuvers  which  are  \ 
designed  to  evade  missiles  by  initiating  maneuvers  outside  the  end  game  enve-  \ 
lope,  or  to  provide  for  entry  into  a  "favorable  set"  of  end  game  states. 

Simulation  results,  obtained  in  the  present  study,  indicate  that  relative 

missile-aircraft  load  factor  capability,  missile  autopilot-airframe  time  con-  j 

i 

stants,  aircraft  roll  rate  limit,  engagement  geometry,  relative  airspeed,  \ 

and  maneuver  timing  play  a  significant  role  in  the  outcome  of  an  evasive  l 

maneuver.  The  factors  associated  with  engagement  geometry  and  airspeed 
variability  are  global  in  extent,  and  therefore,  these  factors  are  not  amen¬ 
able  to  a  linearized  analysis  outside  the  end  game  envelope. 

It  is  important  to  note  that  the  timing  of  a  maneuver  outside  the  end 
game  envelope  can  significantly  affect  the  actual  time  at  which  an  intercept 
can  occur.  Hence,  the  goal  of  maximizing  the  missile-aircraft  miss  distance 
at  an  a  priori  specified  terminal  time  can  be  quite  misleading,  because  the 
miss  distance  at  the  a  priori  terminal  time  can  be  quite  large,  but,  without 
any  further  maneuvering  by  the  aircraft,  the  missile  still  may  achieve  an 
intercept  at  a  later  time. 

The  importance  of  these  previous  considerations  have  been  noted  in  ear¬ 
lier  studies,  e.g. ,  see  the  exemplary  references  cited  in  Chapter  2.  The  con¬ 
tribution  of  the  present  study  focuses  on  the  evasive  maneuver  strategy  deter¬ 
mination  in  a  multiple  missile  environment,  when  the  luxury  of  a  single  or 
one  at  a  time  end  game  analysis  may  not  be  available. 
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3.3.2  Potentially  Important  Factors  Omitted  in  the  Missile  Model 

The  major  limitation  of  the  missile  model  in  the  present  study  is  the 
unrealistic  sensor-seeker  characterization.  Factors  such  as:  seeker  limits, 
seeker  dynamics,  stochastic  effects,  and  blind  range  are  ignored  entirely. 

This  lack  of  realism  in  seeker  behavior  makes  the  missile  system  appear  to 
be  much  more  effective  than  it  actually  is.  This  and  other  modeling  consider¬ 
ations  are  the  subject  of  a  further  study  of  evasive  tactics  in  a  multiple 
missile  environment.  Finally,  the  important  issue  of  counter  measures  has 
also  been  ignored.  From  a  systems  point  of  view,  it  is  clear  that  the  poten¬ 
tial  use  of  counter  measures  should  be  considered  in  a  missile  evasion  study. 
However,  for  practical  reasons,  it  was  felt  to  be  outside  the  potential  scope 
of  this  present  study. 

3.4  Aircraft  Evasion  Strategies  -  Basic  Considerations 
3.4^1  Qualitative  Aspects 

In  the  analysis  and  synthesis  of  evasive  maneuver  strategies,  it  is  use¬ 
ful  to  partition  the  problem  into  two  phases.  Phase  I  will  be  referred  to  as 
the  Extra-End-Game  (EEG)  phase,  and  will  denote  that  portion  of  the  missile- 
aircraft  engagement  outside  the  end  game  envelope.  Phase  II  will  be  referred 
to  as  the  Intra-End-Game  (IEG)  phase,  and  will  denote  that  portion  of  the 
missile-aircraft  engagement  inside  the  end  game  envelope.  It  is  important  to 
recognize  that  the  end  game  envelope  is  not  a  totally  precise  notion.  Qual¬ 
itatively,  we  shall  mean  by  the  end  game  envelope  that  portion  of  the  missile- 
aircraft  engagement  in  which  the  missile  is  within  10  -  15  missile  time  con¬ 
stants  of  an  interception  or  point  of  closest  approach  (FAAC,  1977) .  It  is 
evident  that  the  state  space  description  of  the  end  game  envelope  will  depend 
on  the  aircraft  maneuvers  in  the  EEG  phase  of  the  engagement.  This  coupling 
between  the  end  game  envelope  and  the  EEG  phase  maneuvering  of  the  aircraft 
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is  conceptually  quite  similar  to  the  variations  that  exist  between  MLE's  in 
the  cases  referred  to  as  "target  aware"  versus  "target  unaware"  conditions. 

During  the  EEG  phase,  aircraft  maneuvers  initiated  against  a  missile 
launched  inside  the  target  unaware  MLE  would  generally  cause  the  missile  to 
maneuver  in  response  to  the  changing  orientation  of  the  missile-aircraft 
los  vector.  With  significant  "time-to-go"  available  (relative  to  the  missile 
autopilot-airframe  time  constants)  the  missile  would  be  expected  to  "follow" 
the  aircraft's  maneuvers.  Hence,  the  goal  of  the  aircraft  would  be  to  seek 
to  maneuver  in  such  a  way  as  to: 

i)  cause  the  missile  to  give  up  enough  energy  so  as  to  "place  the 
missile  beyond  its  maximum  range"  (FAAC,  1977) ,  or 

ii)  cause  the  missile  and  aircraft  to  enter  the  end  game  envelope 
in  a  region  of  state  space  favorable  to  the  aircraft,  i.e.,  a 
region  from  which  the  aircraft  could  outmaneuver  the  missile 
based  on  considerations  such  as:  missile  autopilot-airframe 
time  constants,  relative  turning  radii,  and  seeker  behavior. 

It  is  important  to  note  that,  depending  on  initial  conditions,  there  may  be 
"blends"  of  strategies  based  on  i)  and  ii)  which  are  reasonable  for  the  air¬ 
craft  to  use.  In  addition  to  these  considerations,  the  multiple  missile 
threat  adds  to  the  complexity  of  the  decision  environment  by  constraining 
the  aircraft  to  avoid  situations  where  an  escape  from  one  missile  leads  to 
a  "setup"  for  a  second  missile. 

3.4.2  Quantitative  Methods 

Earlier  studies,  e.g. ,  (Poulter,  1975),  (Shinar  &  Steinberg,  1976),  and 
(Garnell  &  East,  1977)  consider  the  application  of  optimal  control  techniques 
to  determine  aircraft  evasion  strategies.  The  work  by  (Poulter,  1975)  address¬ 
es  the  determination  of  optimal  maneuvers  in  the  EEG  phase  of  the  problem. 

The  computational  aspects  of  the  problem  are  fraught  with  difficulties  which 
are  typical  of  free  terminal  time  nonlinear  programming  problems.  The  compu- 
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tational  problem  may  exhibit  local  maxima  and,  hence,  the  determination  of  a 
global  solution  may  be  difficult  to  obtain,  and,  in  any  case,  very  time- 
consuming  to  achieve.  In  the  context  of  the  overall  goals  of  this  present 
study,  there  seems  to  be  no  reasonable  possibility  of  attaining  a  real-time 
global  solution  to  the  optimal  maneuver  problem  (against  even  a  single 
missile)  starting  from  the  EEG  phase. 

If  one  seeks  to  optimize  the  maneuver  starting  from  the  I EG  phase,  by 
assuming  that  the  terminal  time  is  known  a  priori  and  that  linearization  is 
valid,  one  is  led  to  a  set  of  computationally  tractable  approximations,  see 
for  example,  (Shina'r  &  Steinberg,  1976)  and  (Garnell  &  East,  1977)  . 

The  focus  of  the  present  study  is  on  the  real-time  determination  of 
evasive  maneuvers  in  a  multiple  missile  environment,  where  the  luxury  of  a 
single  or  one  at  a  time  end  game  analysis  may  not  be  available,  i.e. ,  the 
analysis  and  implementation  of  evasive  maneuvering  must  begin  in  the  EEG 
phase.  This  brings  us  to  the  introduction  of  the  heuristic  algorithms  which 
have  been  developed  for  this  purpose. 

3.4.3  Geometric  Aspects  of  Missile  Guidance 

Before  we  describe  the  heuristic  algorithms,  it  is  useful  to  review  two 
well-known  concepts  in  missile  guidance  "lore" , 

i)  the  geometric-kinematic  concept  known  variously  as  the  Intercept, 
Maneuver,  or  Guidance  Plane  (FAAC,  1977)  and  (Garnell  &  East, 
1977),  and 

ii)  the  geometric-kinematic  concept  known  as  Anti-Proportional 
Navigation  (TASC,  1977)  . 

The  Maneuver  Plane : 

The  maneuver  plane  is  defined  to  be  that  plane  determined  by  the  missile- 
aircraft  los  vector  and  the  aircraft  velocity  vector. 

"For  a  non -maneuvering  target,  the  optimum  (missile)  heading  angle  lies 
in  the  plane  defined  by  the  target  (aircraft)  velocity  vector  and  the  los  at 
launch.  This  plane  is  sometimes  called  the  intercept  or  maneuver  plane.  It 
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is  an  estimate  of  this  optimum  heading  that  the  fire  control  system  usually 
computes  and  provides  to  the  pilot  for  steering  cues.  It  is  this  same  opti¬ 
mum  heading  from  which  heading  errors  are  measured.  Since  launches  from 
other  than  optimum  heading  require  the  missile  to  maneuver  more  than  it  would 
if  launched  from  the  optimum,  more  missile  energy  is  consumed  and  performance 
is  affected."  (FAAC,  1977;  p.  20). 

When  the  missile  velocity  vector  lies  in  the  maneuver  plane  (as  defined 
above) ,  the  maneuver  plane  can  be  defined  equivalently  as  that  plane  deter¬ 
mined  by  the  missile-aircraft  los  vector  and  the  relative  velocity  vector  of 
the  missile  and  aircraft.  We  will  employ  this  definition  in  the  sequel. 
Anti-Proportional  Navigation; 

The  concept  of  anti-proportional  navigation  can  be  simply  stated  as  that 
aircraft  maneuver  which  instantaneously  maximizes  the  missile-aircraft  line 
of  sight  rate  (TASC,  1977) . 

Let  a^  and  a0  denote  respectively  the  aircraft  acceleration  in  pitch  and 
yaw,  as  measured  in  missile-aircraft  los  coordinates  (see  Figure  3-2).  Then, 
a  simple  exercise  in  calculus  demonstrates  that,  the  missile-aircraft  los 
rate  is  maximized  instantaneously  (myopic  maximization)  when  the  aircraft 
acceleration  vector  has  maximum  magnitude  and  an  orientation  defined  by; 
(a^/a0)  =  (d\J;/dt)/ (d0/dt)cos  (i|>)  , 
ar  =  0, 

and  the  signs  of  the  components  are  chosen  to  increase  the  instantaneous  los 
rate. 

The  Relationship  Between  Anti-Proportional  Navigation  and  the  Maneuver  Plane: 

— ^  — V  - V 

The  vector  cross  product  G  A.  los  X  vre^  defines  a  normal  vector  to  the 
maneuver  plane,  which  is  expressible  in  missile-aircraft  los  coordinates  by: 

G  =  (rdijj/dt)  +  (-rcos  (iJj)  d9/dt)  T^, 

where  i.  and  i„  denote  the  unit  vectors  (in  los  coordinates)  in  the  pitch 

y  9 

and  yaw  directions  respectively.  We  observe  that  the  ratio  of  the  components 


Figure  3-2 
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(a,/a„)  of  G  is  the  negative  reciprocal  of  the  ratio  (a,/a„)  formed  by  the 

\p  u  ip  U 

components  of  the  anti-proportional  acceleration  vector  defined  previously. 
Hence,  the  anti -proportional  acceleration  vector  lies  in  the  maneuver  plane. 
3.5  Heuristic  Algorithms 

Herein  we  describe  four  heuristic  algorithms  for  countering  a  multiple 
missile  threat.  The  algorithms  are  defined  for  the  case  of  N  =  2  missiles; 
however,  the  respective  extensions  to  the  general  case  (N  >  2)  is  essentially 
trivial  in  each  instance.  To  simplify  the  following  discussion,  we  denote 
the  algorithms  by;  Algorithm  1,  ..,  Algorithm  4. 

Let  (i=l,2T  denote  the  unit  normal  vector  associated  with  the  maneuver 
plane  of  missile  i.  Let  T  (i=l,2)  denote  the  unit  vector  associated  with  the 
commanded  (desired)  direction  defined  by  the  anti-proportional  navigation  rule 
associated  with  missile  i.  We  note  that  in  los  coordinates,  the  ratio  of 

-V 

pitch  to  yaw  components  of  is  the  negative  reciprocal  of  the  ratio  of  pitch 

•> 

to  yaw  components  of  L,  i  =  1,  2.  Algorithms  1  &  2  are  defined  in  terms  of 

-)■  -V 

the  maneuver  plane  unit  normals  G^  &  G^i  whereas.  Algorithms  3  &  4  are  defined 
in  terms  of  the  anti -proportional  navigation  unit  vectors  Finally, 

let  A(y)  denote  the  instantaneous  total  acceleration  vector  of  the  aircraft. 
The  orientation  of  the  aircraft  total  acceleration  vector  is  a  function  of 
the  aircraft  bank  angle  y,  as  well  as  the  angle  of  attack  and  the  velocity 
vector.  The  magnitude  of  A(y)  depends  on  the  instantaneous  aircraft  drag, 
lift,  and  thrust  forces,  as  well  as  the  force  of  gravity. 

Algorithm  1: 

Define  J^(y)  by, 

Ji (y)  =  Gv A(y)  ,  i  =  1,  2. 

Define  P(y,X)  by, 

P(V,X)  =  I >a1(v)  +  (1-X) J2 (y) | , 
where  -it  <  y  <  it  rad,  and  0  <  X  <  1. 
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*  * 

Algorithm  1  dictates  that  at  each  decision  instant  a  pair  (y  ,A  )  be 

determined  such  that: 

*  * 

P(y  ,A  )  =  min  max  P(y,A)  =  max  min  P(y,A), 

A  y  y  A 

until  a  closure  rate  negative  (CRN)  condition  is  achieved  for  one  of  the 

* 

missiles.  Then,  y  is  determined  by: 
y  =  arg  max  |  J (y) | , 

where  the  i^  missile  is  assumed  to  be  in  a  closure  rate  positive  (CRP) 
condition. 

*  * 

Here  we  assume  that  a  saddle  point  pair  (y  ,A  )  for  P(y,A)  exists 
and  refer  the  reader  to  Chapter  5  of  this  report  to  review  relevant  related 
saddle  point  existence  results. 

The  heuristic  of  Algorithm  1  requires,  in  effect,  the  myopic  determina¬ 
tion  of  an  instantaneous  saddle  point  pair.  This  saddle  point  has  the  follow- 

* 

ing  interpretation:  The  instantaneous  bank  angle  y  is  precisely  that  bank 
angle  which  maximizes  the  minimum  value  of  the  absolute  value  of  the  projec¬ 
tion  of  the  aircraft  acceleration  vector  on  a  "synthetic"  maneuver  plane 
normal  G(A) ,  obtained  by  forming  a  linear  combination  (convex  combination) 
of  the  individual  maneuver  plane  normals: 

G(A)  =  AGX  +  (1-A)G2, 

i.e. , 

P(y,A)  =  |g(A) *A(y)  | . 

We  note  that 

P(y,l)  =  |G1*A(y)j,  and 
P(y,0)  =  |G2*A(y)  |. 

Thus,  the  value  of  y  which  maximizes  P(y,l)  ,  is  that  value  of  y  which  instan- 
taneously  maximizes  the  absolute  value  of  che  projection  of  A(y)  on  G^ ,  i.e., 
that  value  of  y  which  maximizes  the  aircraft  acceleration  normal  to  the 
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maneuver  plane  associated  with  missile  1. 

The  heuristic  of  Algorithm  1  provides  a  degree  of  weighting  or  inportance 

*  * 

A  and  (1-A  )  to  be  associated  with  the  maneuver  plane  of  the  respective 

* 

missile  threats.  As  the  weighting  factor  A  varies  from  one  to  zero  in  value, 

* 

the  weight  associated  with  the  maneuver  plane  of  missile  1,  A  ,  is  decreased, 

* 

and  the  weight  associated  with  the  maneuver  plane  of  missile  2,  (1-A  ),  is 
increased  accordingly. 

In  summary,  the  heuristic  of  Algoritnm  1  allows  the  amount  of  aircraft 

p 

acceleration  which  is  available  at  a  given  decision  instant  to  be  apportioned 
in  such  a  way  that  a  balance  is  achieved  in  "attempting"  to  simultaneously 
maximize  the  aircraft  acceleration  normal  to  each  maneuver  plane. 

Algorithm  2 : 

Based  on  the  notation  introduced  in  the  presentation  of  Algorithm  1, 

* 

Algorithm  2  dictates  that  at  each  decision  instant  y  be  determined  by: 
y  =  arg  max  (min(  | ^(u)  | ,  |  J2(y)  |) ) , 

* 

until  a  CRN  condition  is  achieved  for  one  of  the  missiles.  Then,  y  is  de¬ 
termined  by: 

y  =  arg  max  | J  ( y ) |  , 
th 

where  the  i  missile  is  assumed  to  be  in  a  CRP  condition. 

The  heuristic  of  Algorithm  2  requires,  in  effect,  the  myopic  determin- 

* 

ation  of  a  bank  angle  y  which  maximizes  the  minimum  (over  all  missiles)  of 
the  absolute  value  of  the  projection  of  the  instantaneous  aircraft  accelera¬ 
tion  on  the  normal  vector  to  the  missile  maneuver  plane.  This  is  equivalent 
to  the  following  max  min  problem: 

max  min  (A | J  (y) |  +  (1-A) | J2 (y) ] )  , 
y  A 

where  -t:  _<  y  _<  it  rad,  and  A  e  {0,1}. 

The  heuristic  of  Algorithm  2  differs  from  that  of  Algorithm  1  in  that 
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Algorithm  2  is  "binary"  and  allows  no  smooth  blending  of  objectives  by  the 
assignment  of  an  intermediate  degree  of  importance  or  weight  to  each  missile 
threat  in  the  objective  function. 

In  summary/  under  Algorithm  2,  the  full  attention  of  the  aircraft  is 
captured  at  each  decision  instant  by  just  one  of  the  two  missiles  when  both 
missiles  are  closing  on  the  aircraft. 

Algorithm  3: 

->■  *► 

Algorithm  3  is  the  dual  of  Algorithm  1  with  replaced  by  and  G 2 
replaced  by  r^.  Here,  the  objective  is  to  seek  a  trade-off  between  the  line 
of  sight  rate  associated  with  each  missile,  as  opposed  to  the  aircraft  accel¬ 
eration  normal  to  the  individual  maneuver  planes. 

Algorithm  4: 

->■  -v 

Algorithm  4  is  the  dual  of  Algorithm  2  with  G^  replaced  by  and  G 2 
replaced  by  ?2.  The  interpretation  of  the  heuristic  associated  with  Algo¬ 
rithm  4  is  similar  to  that  of  Algorithm  2,  with  the  objective  now  being 
line  of  sight  rate  maximization,  as  opposed  to  "maximizing"  aircraft  accel¬ 
eration  normal  to  the  individual  maneuver  planes. 

3.6  Information  Requirements 

One  of  the  goals  of  this  present  study  was  the  development  of  a  real-time 
algorithm  with  relatively  minimal  requirements  in  terms  of  dynamic  data  and 
the  description  of  missile  system  dynamics.  It  is  important  to  note  that  all 
four  heuristic  algorithms  described  in  this  study  require  only  information 
delineating:  the  relative  velocity  between  each  missile  and  the  aircraft, 
and  each  missile-aircraft  los.  No  a  priori  knowledge  of  the  missiles'  dynamics 
or  control  systems  is  required.  This  is  not  to  say,  however,  that  additional 
information  would  be  useless,  since  a  more  complete  description  of  each  missile 
might  permit  an  approximate  faster  than  real-time  flyout  simulation  to  be  run 
in  parallel  with  the  heuristic  evasive  maneuver  decision  model  to  enhance  the 


decision  making  process. 
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4.0  Computer  Simulation  Models  for  Determining  and  Evaluating  the  Global 
and  Local  Characteristics  of  Evasive  Maneuvers 

4.1  Introduction 

In  this  chapter  we  describe  the  details  of  the  simulation  models  based 
on  the  four  heuristic  algorithms  delineated  in  Chapter  3,  and  we  present  and 
analyze  the  simulation  results  pertaining  to  the  exercising  of  these  four 
algorithms  against  seven  representative  missile-aircraft  engagement  scenarios. 
The  related  FORTRAN  IV  source  programs  are  contained  in  Appendix  A  of  this 
report. 

4.2  The  Simulation  Paradigm  and  Engagement  Scenarios 
4.2.1  The  Simulation  Paradigm 

The  four  simulation  models  developed  for  use  in  this  study  are  flyout 

simulations  for  evaluating  and  comparing  the  four  heuristic  evasion  algorithms 

defined  in  Chapter  3.  The  individual  programs  are  referred  to  as  ACDYN.91,  . ., 

ACDYN.94,  and  correspond  respectively  to  Algorithms  1-4.  The  programs 

ACDYN.91  -  ACDYN.94  have  many  features  in  common.  Hence,  program  ACDYN.91 

will  be  described  in  detail,  and  the  relevant  differences  which  characterize 

92  -  94  will  be  provided  to  complete  the  program  package.  The  source  program 

for  ACDYN.91  is  complete  with  the  exception  of  certain  nonessential  library 

graphics  routines  for  producing  plots .  Flowcharts  for  programs  91  &  92  are 

included  in  this  chapter.  Programs  91  &  93  are  virtually  identical  —  the 

sole  exception  pertains  to  the  remarks  in  Section  3.5  (p.  3-20)  in  reference 

to  the  vectors  G.  and  ,  i  =  1,  2.  This  same  statement  holds  as  well  for 
l  i 

programs  92  &  94. 

The  flyout  simulations  are  based  on  the  dynamical  models  of  the  F-4 
aircraft  and  AIM-9  missile  which  are  delineated  in  Chapter  3.  All  missile- 
aircraft  engagement  scenarios  considered  in  this  study  exhibit  the  following 
salient  characteristics : 
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i)  The  missiles  are  assumed  to  be  coasting  (thrust  equals  zero) 
when  the  evasive  tactics  are  initiated. 

ii)  Without  evasive  maneuvering,  all  missile-aircraft  engagements 
would  result  in  a  first  missile  kill  within  4-8  seconds  from 
the  opening  of  the  engagement  scenarios, 

iii)  The  integration  time  step  is  defined  by 
STEP  =  min(T,0.5*DSV/VREL) , 

where:  DSV  denotes  the  current  separation  distance  between 
the  closest  missile  and  the  aircraft;  VKEL  denotes  the  magni¬ 
tude  of  the  relative  velocity  between  the  closest  missile  and 
the  aircraft;  and  T  equals  0.1  seconds. 

iv)  The  aircraft  begins  the  maneuver  process  dictated  by  the  rele¬ 
vant  algorithm  at  the  time  instant  t  =  0.1  sec  after  the  open¬ 
ing  of  the  engagement  scenario.  Hence,  a  detailed  study  of 
maneuver  initiation  timing  was  not  carried  out  as  a  part  of  this 
present  study. 

v)  During  the  maneuver  process  the  aircraft  afterburner  is  on,  and 
the  aircraft  load  factor  is  8  g,  or  the  aircraft  is  limited  to 
a  maximum  AOA  of  25  degrees. 

vi)  The  aircraft  is  roll  rate  limited  to  600  deg/sec.  Hence,  if  the 
commanded  bank  angle  based  on  the  decision  algorithm  is  greater 
than  600. *STEP  degrees  from  the  present  roll  position,  the 
commanded  roll  increment  is  limited  to  600.*STEP. 

Flowcharts  for  ACDYN.91  &  ACDYN.92 

The  flowcharts  for  programs  ACDYN.91  and  ACDYN.92  are  included  in  Figures 
4-1 (a  -  h) .  Figure  4-la  depicts  the  overall  organization  of  the  generic  ACDYN 
simulation  program.  The  first  two  subroutines,  INIT  and  VALUE,  define  the 
heart  of  the  program  (refer  to  Figures  4-1 (a  -  f ) ) .  Subroutine  INIT  (Figure 
4-lb)  allows  the  user  to  either  interactively  initialize  an  engagement  scenario, 
or  read  and  update  a  file  with  such  information.  Subroutine  VALUE  (Figures 
4-1 (c  -  f) )  provides  the  necessary  flyout  simulation  logic  and  report  genera¬ 
tion.  The  variations  between  programs  ACDYN.91  -  94  occur  in  subroutine  VALUE, 

* 

specifically,  within  the  program  module  for  determining  the  values  of  y  and 

* 

X  (see  Figures  4-l(c,  e,  &  f ) ) .  Figures  4-l(e  &  f)  flowchart  the  determina- 

*  * 

tion  of  the  pair  (y  ,  X  )  within  ACDYN.91  &  92  respectively.  The  generic  func¬ 
tional  notation  J(y,,\),  which  appears  in  the  caption  of  Figures  4-1  (e  &  f )  , 
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refers  to  the  relevant  game  theoretic  kernel  functions  defined  explicitly  in 
heuristic  Algorithms  1  &  2  (Section  3.5,  pp.  3-17  &  3-19).  The  remainder  of 
the  program,  subroutines  INTBOX  &  PLOUT  (Figures  4-1 (g  &  h) ) ,  provide  the  nec¬ 
essary  integration  capability  and  the  calls  to  the  library  plotting  routines. 
4.2.2  The  Engagement  Scenarios 

The  performance  of  the  heuristic  algorithms  was  studied  by  means  of  com¬ 
parative  scenario  analysis.  The  four  heuristic  algorithms  were  exercised 
against  seven  representative  missile-aircraft  engagement  scenarios.  The 
initial  conditions  at  the  opening  of  each  scenario  are  summarized  in  Table  4-1. 
The  x-y  position  and  horizontal  velocity  of  the  missiles  and  aircraft  in  each 
scenario  are  depicted  vectorially  in  Figures  4-2 (a  -  c) .  The  engagements 
were  chosen  to  depict  a  combination  of  missile  threats  which  ranged  through 
mixtures  of  tail-chase,  head-chase,  and  off-beam  launch  conditions.  The  engage¬ 
ments  included  scenarios  (1-3)  where  one  missile  is  above  the  aircraft  ini¬ 
tially  and  the  second  missile  is  launched  from  below,  as  well  as  coplanar 
initial  conditions  (5  &  7) ,  and  cases  (4  &  6)  where  both  missile  are  launched 
from  below  the  aircraft.  The  engagements  all  lead  to  multiple  hits  if  no 
aircraft  maneuvering  occurs. 

4.3  Algorithm  Performance 
Summary  and  Ranking 

The  performance  of  Algorithms  1-4  parameterized  by  scenario  and  individ¬ 
ual  missile  identification  is  summarized  in  Table  4-2a.  The  detailed  results 
of  each  of  nine  scenario/algorithm  pairs  in  which  the  aircraft  achieved  multi¬ 
ple  misses  are  contained  in  Tables  4-3  through  4-11,  and  Figures  4-3  through 
4-11.  The  definitions  of  program  variables  which  appear  in  Tables  4-3  through 
4-11  are  contained  in  Table  4- 2b. 

In  order  to  analyze  and  compare  the  performance  (Table  4-2a)  of  the  four 
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heuristic  algorithms  against  the  seven  multiple  missile  threat  scenarios 
defined  in  Table  4-1,  it  is  necessary  to  adopt  a  suitable  performance  measure. 
A  game  theoretic  approach  suggests  that  the  minimum  of  the  miss  distance, 
associated  with  missiles  1  &  2,  be  adopted  as  a  measure  of  performance  for 
each  algorithm-scenario  pair*  Based  on  this  approach,  we  observe  that  there 
is  no  single  algorithm  whose  performance  dominates  the  remaining  three  algo¬ 
rithms  on  a  scenario  by  scenario  basis.  If,  in  addition,  we  calculate  the 
number  of  multiple  misses,  we  observe  that  the  algorithms  in  decreasing  order 
of  performance  are:  Algorithms  1,  4,  2,  &  3. 

Detailed  Simulation  Output 

Tables  4-3  through  4-11  contain  the  initial  and  final  state  information 
associated  with  the  nine  successful  (multiple  miss)  algorithm-scenario  pairs 
contained  in  Table  4-2a.  In  addition,  these  nine  tables  contain  the  minimum 
miss  distance  information  collected  as  part  of  the  overall  simulation  report 
generation.  Figures  4-3  through  4-11  are  multiple  figures,  e.g. ,  Figure  4-3 

contains  Figures  4- 3a,  4-3e.  Figures  associated  with  Algorithm  1  contain 

* 

five  graphs  (a  -  e)  which  depict:  (a)  Aircraft  Bank  Angle  y  vs  time; 

* 

(b)  X  x  100  vs  time;  (c)  the  Projection  of  the  Aircraft  and  Missile 
Trajectories  in  the  (x-y)  Plane;  (d)  the  Projection  of  the  Aircraft  and 
Missile  Trajectories  in  the  (z-x)  Plane;  (e)  the  Projection  of  the  Aircraft 
and  Missile  Trajectories  in  the  (z-y)  Plane.  Figures  associated  with  Algo¬ 
rithms  2  &  4  contains  four  graphs  (a  -  d)  which  depict:  (a)  Aircraft  Bank 

*  * 

Angle  vs  time  and  X  vs  time  (the  symbol  "F"  denotes  X  ,  where  an  "F  -  value" 

*  * 

of  50  denotes  X  =1,  and  an  "F  -  value"  of  -50  denotes  X  =  0) ;  (b)  -  (d) 

depict  respectively  the  projections  of  the  aircraft  and  missile  trajectories 
in  the  (x-y),  (z-x),  and  (z-y)  planes. 


Figure  4- la 
ACDYN  Flowchart 
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Figure  4-lh 
Subroutine  PLOUT 
(CRT  or  PRINTER) 

(typical  use,  one  set  per  graph) 
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Table  4-3 

Algorithm  1,  Scenario  1 
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Table  4-8 

Algorithm  1,  Scenario  5 


1STEP  =  G.IUuU,  TAU  =  0.1500 


IN  IT 

XU  C  1  ) 

1 50U0 .0 

INIT 

XOC  7) 

= 

3  GOO . GO 

INIT 

XO ( 1 5) 

15000.0 

IN  I  T 

XJ  (  c) 

u.uuuoou 

HIT 

aOC  8) 

0 . GUuUuO 

HIT 

X  0  ( 1  A  ) 

12000.0 

1VJ) 

Xj  (  3) 

iwOOO.O 

J  SI  T 

X0(  V) 

= 

3  GO  uO  .  0 

INIT 

x  C  ( 1  5 1 

= 

30000.0 

1MT 

XU  C  4  1 

= 

1 100 .00 

I  NT  T 

xonu) 

= 

3 JUu.GO 

INIT 

XUU  tl 

= 

3300 .00 

IN  I  T 

X  U  C  5  ) 

- 

U • GOO 000 

HIT 

aC  U  1 1 

= 

0  a  GG’UU  oO 

INIT 

X.0C1  7) 

= 

O.OOOGOO 

IN  I  T 

xu  <o  1 

= 

u  «  C  0  u  G  U  Gf 

HIT 

j.oogOwG 

INIT 

XOC 1o> 

= 

-60.0000 

Pn0P0hTI0..AL  *AVluAT10N  GAINS: 

PITCH  C  k  K  1 1  1  =  A. 5  0  ,  Y  A ■  IRK  121  =  A.  50 


a/C  maximum  load  eactor  =  a. 00 


IN  MANEUVER  i  A  f  T E  RoU R N£  R  5  WILL  Be  ON 


TINE 

0.000 

DSEP1 

= 

0. 120E 

05 

DSEP2 

0. 120E 

05 

START  ■ 

KU E  U  V  E  R 

AT  T  = 

J.10 

TINE 

- 

1  .000 

0SEP1 

= 

G. 989E 

04 

DSEP2 

- 

0.919E 

04 

TIKE 

= 

2  »G0C 

CS  EP1 

- 

0 . 794  E 

04 

DSEP2 

= 

Q.otOE 

04 

TINE 

= 

3. GUO 

DSEP1 

- 

G. olJE 

04 

DSEP2 

= 

0  .A26E 

04 

TIPE 

SL 

a.  000 

DSEP1  • 

0. A4VE 

04 

0SEP2 

= 

0 . e06  E 

04 

TIME 

~ 

A  .¥2  i 

DSEP1 

= 

u. aUoE 

04 

0SEP2 

1  08. 

TIME 

= 

5.24  c 

DSEP1 

= 

u. t61E 

04 

0SEP2 

= 

5  77. 

TIME 

6 . 2  A  c 

D  SEP1 

G  .  11  oE 

04 

0SEP2 

= 

0.266E 

04 

TIME 

- 

7 . 0  V  5 

DSEP1 

= 

3  5.6 

0SEP2 

= 

0.A11E 

04 

•  »  •  » 

CLOSURE  RATe 

NEGATIVE  AT  TIME  =  7. 

1  19*«*» 

1  A1 

:  cEST  DSFP 

- 

28 • 7o93  ,  NOW  = 

30.8579 

T  A  * 

:  BEST  dsep 

- 

52 • Bu6  4  ,  NOW  = 

4150.34 

X  u  < IT: 

U.2145E 

05 

XOC  7):  C.2146E  05 

XO  <1 31  : 

0.2173E 

05 

Xu  C  2 1 : 

-o6U.  7 

XU<  ei:  -832.5 

XUU  41  : 

-4955. 

xu<  3) : 

U.2B/GE 

U  5 

X0(  91:  G.286VE  G5 

xo (1 5 1 : 

0.2932E 

05 

x  u  C  a  )  : 

753.9 

xj(iC):  2041. 

xu Cl  cl: 

1965. 

iu<  3  > : 

-26.19 

XOC 1 1 1 :  -10.97 

X0U71 : 

-2.076 

»u( 6) : 

-13.53 

XOC 1 2) :  -4.730 

xo  u  #1 : 

-52.37 

DELX1: 

-11.5 

DELY1:  -28.3 

DEL71: 

4.48 

DMIS1:  30.9 

BEST  DMIS 

WAS 

28.8 

C  cL  X  2 : 

-27a. 

DELYe:  U.40VE 

04 

DELi 2: 

-021  . 

DM  I  S2 :  0.415E 

04 

BEST  DMIS 

WAS 

3  2.8 
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Table  4-9 

Algorithm  2,  Scenario  5 


TSTEP 

0 

• 

1000,  TAU  = 

0.1500 

1NIT 

XO  <  1 ) 

= 

1  5000.0 

1  NIT 

X0<  7) 

7 

3000.00 

INIT 

XO ( 1 3) 

i  N  I  T 

10  <2) 

= 

0 . LObUuO 

INIT 

X0(  8) 

= 

O.GOUOCC 

INIT 

X0C14) 

IN  IT 

XU  C3) 

9 

JLOOO.C 

INIT 

xO  C  V) 

= 

3 GO 00 . 0 

INIT 

*0115) 

IN  I  T 

XO  (4) 

= 

1 100.00 

INIT 

X0(10) 

X 

3300.00 

INIT 

XQ(16) 

IN  IT 

XO  (  5) 

S 

u . cUUOUU 

I  NIT 

>0(11) 

X 

O.GOLOOO 

INIT 

X011 7) 

1NIT 

XU  (6) 

= 

u.couooo 

INIT 

xO (1 2) 

X 

0.000000 

INIT 

XU ( 16) 

PROPORTIONAL  NAVIGATION  GAINS: 
PITCH  C  RK  111  =  4.50  ,  TAW  CRK12)  = 


A  .50 


A/C  MAXIMUM  LOAD  FACTOR  =  8.00 

IN  MANEUVER,  AFTERBURNERS  WILL  BE  ON 


TIME 

= 

U  >000 

DSEP1 

= 

0. 1 20E 

05 

DSEP2 

= 

0.1Z0E 

05 

RT  MANEUVER 

AT  T  = 

0.10 

time 

s 

l.OOC 

0SEP1 

- 

0. V89E 

04 

6SEP2 

9 

0 • 9 14  E 

04 

time 

X 

2  •  u  0  C 

0SEP1 

X 

0. 7V4E 

04 

DSEP2 

X 

0.637E 

04 

time 

= 

i.uOu 

DSEP1 

X 

0. ol 3E 

04 

DSEP2 

X 

0 .368E 

04 

TIME 

s 

4.0UU 

0SEP1 

= 

0. 445E 

04 

0SEP2 

9 

0.  106E 

04 

TIME 

s 

A. *.73 

0SEP1 

= 

0. 36  SE 

04 

0SEP2 

9 

1  30. 

TIME 

= 

5.311 

DSEP1 

= 

G  .  c  3  *•  E 

04 

D  SEP? 

= 

0.210E 

04 

time 

s 

6.31  1 

0SEP1 

= 

8  25  . 

DSEP2 

= 

O.sISE 

04 

TIME 

= 

6  .  o  8  3 

0SEP1 

= 

19.5 

DSEPZ 

= 

0.525E 

04 

...»  CLOSURE  RATE  NEGATIVE  AI  TIME  = 


6.<j83***» 


T  A  1 

;  BEST  DSEP 

s 

17.1382 

,  NOW  = 

19.4535 

T  A  2 

:  BEST  DSEP 

= 

51 .6o36 

,  NOW  = 

5254.68 

X0< 1): 

'  0.2091E 

05 

XOC  7): 

C.2092E  05 

X0C13) : 

0.2037E 

xoc  2) : 

396.3 

xoc  6): 

412.6 

x  0  C 1  4 ) : 

-4824. 

xot  3) : 

U.2959E 

05 

XJC  5): 

L.2V5VE  G5 

X0C15): 

0.2V84E 

x  o  ( 4 ) : 

731.3 

xoc 10) : 

2071  . 

XUC16) : 

2043. 

xuC  3) : 

-30. VI 

xocil): 

-12.44 

XU C 1  7)  : 

-8.208 

XU<  6) : 

-24.54 

xoc 1 2) : 

-10.27 

XU C 1 8)  : 

-66.82 

DELX1: 

-10.2 

DELT1 : 

-16.2 

DEL21: 

3.35 

DMIS1: 

19.5 

BEST  OMIS 

WAS 

17.1 

DELX2: 

S43  . 

DELT2: 

0.522E 

04 

DELZZ: 

-252. 

DM  I S2 : 

0  <  5  2  5e 

04 

BEST  OMIS 

WAS 

51.7 

15000.0 

12000.0 

30000.0 
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0.000000 

-60.0000 
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Table  4-10 

Algorithm  1,  Scenario  6 


TSTEP  =  U.10G'’,  UU  =  U.150U 

i‘(IT  XG<  1)  =  130C0.C  IMT  *C(  7)  =  3U000.0  IN1T  X  0  ( 1 3 )  =  o.ooocoo 

IMT  xj(M  =  u.lX'Gl'bU  I  .IT  xG<  c)  =  u.COuO.O  IMT  X  J  ( 1 4 )  =  0.000000 

IN  IT  =■  itl'ju  .0  IMT  xO  <  V)  =  3  3 '."00.0  IMT  X  j  ( 1  5  >  =  330DU.0 

,Ml  XJ<4)  =  IIJL.ut  IMT  xO ( 1 0  )  =  3300. uO  IMT  X'J(ld)  =  3300.00 

IMT  *u(5)  =  IMT  *0111)  =  -7.9*999  IMT  X  0  ( 1  7 )  =  -7.99V99 

IMT  xu(M  =  g.cOgGlC  I  j*  1 1  xC(1i)  =  lou.OUO  IMT  XOdfc)  =  0.000000 

PROPORTIONAL  NAVIGATION  GAINS: 

HITCH  <r.<11)  =  A. 50  ,  Y  A  »  (RK12)  =  4.50 

A/C  LOAD  FACTOR  =  <S.G0 


IN  N»‘!cUVER,  AFTcRdURNERS  MILL  Be  ON 


TINE 

= 

u  *uC  C 

DSEP1 

X 

0.  173E 

05 

0SEP2 

X 

0.133E  05 

START  MANEUVER 

at  r  = 

0.10 

TINE 

= 

T.yOl 

0SEP1 

= 

0.  13GE 

05 

0  SEP2 

X 

0 •  1 1 2  E  05 

T  IrtE 

= 

L  .  u  0  2 

OS  EP1 

0. »03E 

04 

0  SEP? 

X 

0  •  y  26  e  G4 

time 

= 

j  .  u  0  c 

DSEP1 

= 

0. s31E 

04 

0  SEP2 

X 

0.743E  04 

tine 

- 

A  .uU  L 

OS  EP1 

X 

g.  177E 

04 

0  SEP2 

X 

0.572E  04 

tine 

X 

A  .  5  is 

OS  EP1 

X 

7c. 4 

0  SEP2 

= 

0.aS3E  04 

TIME 

= 

5.13e 

DSEP1 

s 

j.  197E 

04 

0SEP2 

X 

0.53SE  04 

Tlr.E 

X 

c.Hc 

DSEPl 

X 

0.  AS  7E 

C  4 

0SEP2 

X 

C . c  36E  04 

TINE 

X 

7.13c 

OSEpI 

X 

Gt .  74  VE 

04 

0SEP2 

X 

9  c5  . 

TIr.E 

X 

/  .  G  1  3 

0SEP1 

X 

U . »06£ 

C4 

0SEP2 

s 

2c. 1 

•  *  CLOSURE 

Ej*.  Tl  NEGATIVE 

A 1  TINE  = 

/•old* 

a  v  ■ 

Tat  : 

LEST 

OSEP  = 

55  . 

6756 

t  NOR  = 

9072.77 

T  a  2  : 

BEST 

Od  EP  - 

22. 

1  u6  6 

,  NOW  = 

24 .5693 

x„(  1) : 

C.1VV3E  05 

xu< 

7): 

G.112CE 

(.5 

X0d3> 

0 .  1994  E 

05 

x  u  <  2 ) : 

15. 

35 

XJ( 

b): 

2036  . 

X  0  (  1  4  ) 

:  -5.526 

*«( i J : 

u.2oCv.c  05 
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5.0  A  Game  Theoretic  Model  for  Determining  Aircraft  Evasion  Strategies 

Against  a  Multiple  Missile  Threat 

Introduction 

In  this  Chapter  we  consider  a  missile  evasion  problem  formulated  in 
terms  of  one  aircraft  (the  evader)  and  two  guided  missiles.  Based  on  various 
assumptions  pertaining  to  dynamics,  information  patterns,  and  optimization 
criteria  the  existence,  structure  and  behavior  of  a  set  of  optimal  evasion 
strategies  are  delineated.  This  study  encompasses  problem  formulations  with 
linear  and  nonlinear  dynamics.  In  each  case,  the  evader  is  assumed  to  know 
the  guidance  law  for  each  pursuing  missile.  In  this  study  two  general  classes 
of  optimization  criteria  are  considered:  (i)  fixed  terminal  time  criteria 
and  (ii)  free  terminal  time  criteria.  In  the  former  case,  the  evader  seeks 
to  maximize  the  terminal  miss  distance  between  himself  and  each  pursuer.  In 
the  latter  case,  the  evader  seeks  to  maximize  the  distance  of  closest  approach 
between  himself  and  each  pursuer.  This  decision  problem  is  most  naturally 
formulated  as  a  multi-criterion  or  vector  valued  optimization  problem.  A 
game  theoretic  approach  is  taken  in  solving  this  class  of  problems. 

The  results  in  this  chapter  represent  part  of  a  Ph.D.  Dissertation  in 
Systems  Engineering  (Huling,  1979)  and  are  the  basis  for  a  paper  (Huling  & 
Mintz,  1977) .  In  the  numbering  convention  for  the  following  subsections  in 
this  chapter,  we  have  omitted  the  leading  (5.)  designation. 
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1.  OPTIMAL  EVASION  STRATEGIES  AGAINST  MULTIPLE  MISSILES:  PART  I  -  FOR 
CRITERIA  WITH  A  FIXED  TRIP  PEDAL  TIMF. 


I. I  Introduction : 

We  consider  a  missile  evasion  problem  formulated  in  terms  of  one  aircraft 
(the  evader)  and  two  guided  missiles.  We  delineate  the  existence,  structure, 

and  behavior  of  optimal  evasion  strategies  for  this  problem  based  on  the  fol¬ 
lowing  assumptions  pertaining  to  dynamics,  information  patterns,  and  optimiza¬ 
tion  criteria. 

Dynamics ; 

(a)  The  evader's  and  pursuer's  dynamics  are  each  linear,  i.e., 

x  *  F  x  +  G  u 
e  e  e  e  e 


x.=Fx,+C  u  ,  i  =  1,2. 
pi  pi  pi  pi  i 

(b)  The  evader's  and  pursuer's  dynamics  are  each  nonlinear,  i.e.. 


x  *  f  (x  ,u  ,t) 
e  e  e  e 


V  “  V^pi’V*0* 1 "  1’:- 

Information: 

Each  pursuer  (i  =  1,2)  uses  a  given  feedback  control  law  for  its  guidance 
strategy.  The  evader's  a  priori  information  includes  a  complete  description  of 
each  dynamical  system  including  initial  state  information. 

Optimization  Criterion: 

The  evader  seeks  to  maximize  the  "miss  distance"  between  himself  and  each 
pursuer  at  a  given  terminal  time  T.  Since  there  are  two  pursuers,  the  evader 
is  faced  with  a  multi-criterion  or  vector  valued  optimization  problem.  One 
approach  to  solving  this  multi-criterion  problem  is  to  seek  an  evasion  strategv 
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which  maximizes  the  minimum  terminal  miss  distance.  This  maxmin  or  game  theo¬ 
retic  approach  requires  that  we  solve  a  saddle-point  problem  to  obtain  the  op¬ 
timal  evasion  strategy. 

In  order  to  obtain  a  physically  meaningful  solution,  we  must  either  modify 
the  original  problem  statement  to  include  a  set  of  constraints  on  the  evader's 
permissible  controls,  or  modify  the  pay-off  functions  to  include  a  cost  to  the 
evader  for  using  energy  for  evasive  maneuvering.  We  shall  take  this  later  ap¬ 
proach  initially  and  assume  that  the  evader's  control  function  is  weighted  quad- 
ratically  in  each  of  the  individual  criteria.  In  section  3  and  subsequent  sec¬ 
tions,  we  consider  optimal  evasion  problems  with  a  variety  of  constraints  on 
the  evader's  permissible  controls. 
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2.  AN  OPTIMAL  EVASION  PROBLEM  WITH  LTNEAR  DYNAMICS  AND  QUADRATIC  COST  ON  CONTROL 
2.1  Mathematical  Problem  Statement: 


Let  * ‘v-p.-V- 

then  one  obtains 

x  -  Fx  +  G0uq  +  GjUj  +  G2u2,  x(0)4  xq 

where  F  and  i  =  0,1,2  denote  partitioned  matrices  defined  in  terms  of 

F  ,F  .  ,G  ,  and  G,  i  *  1,2,  and  where  u„  =>  u  . 
e’  pi’  e  i  o  e 

We  have  assumed 

ui  =  Six’  *  = 

Hence 

.  " 

x  ■  Fx  +  Gqu0;  x(0)  *  xQ 


where  F  -  F  +  G^  +  G^. 

Define  J1(U0»XQ)  and  J2^uo,xo^  by: 

Jj  "  x'(T)CjX(T)  -  /^D  u  dt 

0 

J2  =*  x-(T)C2x(T)  -  /Tu'D0u0dt 

0 

where  >  0  and  Dq  >  (K 
In  what  follows,  we  shall  consider  xQ  a 


fixed  vector  and  write  J^(uQ,xQ)  as 


J(uQ,i)  i  -  1,2. 


2 . 2  Game  Theoretic  Formulat ion: 


5- 


Let  the  space  of  permissible  open  loop  controls  u  be  L2[0,T]  and  let 

0 

I  A  {1,2}.  Let 

J:  L2(0,T]  x  I+R 

denote  the  kernel  of  an  abstract  game. 

Consider  the  following  saddle-point  problem  (SrP) : 

SPP1:  Does  max  min  J(u  ,i)  =  min  max  J(u  ,i)? 

0  0 


u  eL2[0,T]  id  id  u  cL2[0,T] 

0  0 

Discussion  (SPP1)  : 

Due  to  the  discrete  nature  of  the  set  I  =  {1,2},  SPP1  will  generally  not 
have  a  saddle-point  in  pure  strategies.  This  situation  can  often  be  resolved 
however  by  considering  mixed  strategies  over  I.  This  leads  naturally  to  SPP2. 


SPP2: 

Let  pe[0,l]  and  define  J(u  ,p)  4  pj(u  ,1)  +  (l-p)J(u  ,2). 

0  "  0  0 


Does 


max 

u  eL2[0,T] 
0 


min  J[u  ,p] 
0 

pe[0,l] 


min 

pe[0,l] 


max  J[u  ,P]? 
0 

u  EL2tO,T] 

0 


Discussion  (SPP2): 

For  conceptual  reasons,  it  is  useful  to  consider  p  as  the  probability  that 
strategy  i  =  1  is  played.  Then 

f  # 

*  f 
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E[J(un,i)] 


where 


•J(un,p),  J(u  ,o)  =  pJ  +  (l-p)-I 

0  0  i  2 

t-  T 

=  x'(T)Cx(T)  -J  u'nQuQdt, 
**  0 
C  =  pc  +  (l-p)C  . 

1  2 


In  order  to  investigate  the  properties  of  the  game  denoted  by 
(J(u^,p),  L2[0,t],  [0,1]}  it  is  useful  to  rewrite  J(uQ,p)  as  follows. 

First  observe  that 

x(T)  =  Lx  +  Lu 

0  c 

where  L  4  <t’(T,o)  and  <t>  is  the  state  transition  matrix  associated  with  F, 

and  where  L:L2  [0  ,T]-+Rn  is  the  linear  operator  defined  by 
T 

L\  =  /  ^(T,rX^0iyiT. 

.Hence  we  can  write  that 

J(urt,p)A  f(Lx  +  iu  If?  -  IfuJI2 

0  0  c  o  D  t 

0 

where  the  first  norm  is  w.r.t.  Rn  and  the  second  norm  is  w.r.t.  L2[0,T]. 

2.3  Properties  of  J:L2  [0  ,T]x  [0,1]->R: 

Observation  1 : 

If  for  all  pe[0,l],  the  matrix  Rlccati  equation 

R  *  -F'R  -  RF  -  RG  n’^G'R;  R(T)  =  C 
0  0  0 

has  a  bounded  solution  on  [o,T],  then  J[u0,p]  is  concave  in  uQ  for  every  p e  [0 , 1]  . 

We  will  denote  the  existence  of  bounded  solutions  to  this  Rlccati  equation 
for  all  pe[0,l]  as  Condition  1. 


5-7 


An  Aside:  If  Condition  I  docs  not  hold,  a  relaxed  version  may  hold  on  a 
subset  of  [0,1],  i.e.,  for  only  some  values  of  p. 

Observation  2: 

If  Condition  1  holds,  then  for  fixed  p,  Jfu^.p]  is  weakly  upper  semi- 
continuous  in  Ug  on  L2[0,T]. 

Observation  3: 

For  fixed  uQeL2[0,T],  J[uQ,p]  is  continuous  in  p  on  [0,1]. 

Observation  4: 

For  fixed  u0eL2[O,T],  J(u^,p)  is  convex  (affine)  in  p  on  [0,1]. 
Observation  5: 

[0,1]  is  a  compact  convex  subset  of  R. 

Observation  6: 

L2[0,T]  is  convex. 

Lemma  1: 

r+ 

If  Condition  1  holds,  then  sup  inf  J(uQ,p)  =  inf  sup  J(uQ,p). 

u0  P  ?  U0 

Proof:  It  follows  from  Observations  1-6  that  J(u  ,p)  is  quasi-concave- 

0 

quasi-convex  in  (uQ,p)  and  u.s.c.  -  l.s.c.  Further,  L2[0,T]  and  [0,1]  are 
convex  spaces,  and  [0,1]  is  compact  in  R.  Therefore,  Lemma  1  follows  as  a 
consequence  of  Sion's  Theorem  [Sion:  1958]. 
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Lemma  - : 

Tf Condition  1  holds,  then  min  sup  J(u  ,p)  =  sup  min  J(un,p) 


P  »»r 


"fl  P 


i.e.,  there  exists  a  value  of  p  (say  p*)  such  that 

sup  J(uQ,p*)  =  inf  sup  J ( UQ , p) * 

u  p  u 

0  ^0 

Proof :  Lemma  2  is  a  consequence  of  Lemma  1  and  the  compactness  of  [0,1], 
Observation  7 : 

If  Condition  1  holds,  there  exists  a  value  of  u  (say  u  *)  such  that 

0  0 

sup  J(u  ,p*)  =  J(u0*,p*). 
u 

0 

An  Aside:  Observation  7  is  a  consequence  of  the  assumption  of  Condition  1. 
Theorem  1:  The  pair  (uo*,p*)  defined  through  Lemma  2  and  Observation  7  con- 
stitute  a  saddle-point  for  J(u0,p). 

y  v  y 

Proof :  The  verification  that  J(u  ,p*)  <.  J(u  *,p*)  <^.I(u  *,p)  follows 


directly  from  the  definition  of  (u^*,p*)  in  Lemma  2  and  observation  7. 
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3.  AN  OPTIMAL  EVASION  PROBLEM  WITH  LINEAR  DYNAMICS  AND  A  TOTAL  ENERGY  CONSTRAINT 
3.1  Problem  Statement: 

Let 

x  =  Fx  +  Gquq  ;  x(0)AxQ  t 
where 

VV 

fie  =^u0eL2tC*T^ :  i!uon  d  ie2}* 

e 

Define  J  and  J  by 
1  2 

T 

J  =  x'(T)C  x(T)  -  /  u'D  u  dt 
1  1  o  0  0  0 

T 

J  =  x'(T)C  x(T)  -  /  u'D  u  dt . 

•  2  2  q  0  0  0 

Consider  the  following  Maxmin  Problem: 


max  min  J(uQ,i)  . 

u_efi  iel 

0  e 


The  sole  difference  between  this  problem  and  that  considered 
vious  section  is  the  restriction  of  to  the  weakly  compact  set 


in  the  pre- 
ne  C.  L2[0,T], 


fie^uoeL2f0,Tj:  Huo  ±e2}< 

e 

Reasoning  as  before,  we  are  lead  to  consider 

max  min  dCu^.p) 
u  pc  [0,1] 


JU<£  7 


t  F  was  defined  in  Section  2. 


where  J(uQ,p)  =  pJ(u0,l)  +  ( 1— p )  J(u0,2). 


3.2  Problem  Solution: 

Consider  the  following  saddle-point  problem  (SPP3)  : 

Does 

max  min  J (u  ,p)  =  min  max  J(urt,p)? 

0  0 
uQene  pc [0,1]  pe[0,l]  u0cQe 


Observation  1 : 

0^  is  a  convex  weakly  compact  subset  of  L2[0,T]. 

Condition  1: 

The  Riccati  matrix  differential  equation 
.R  *  -F'R  -  RF  -  RGflD  *G  R 

A* 

R(T)  -  C  ApC  +  (l-p)C 

has  a  bounded  solution  on  [0,T]  for  all  pc [0,1]. 

Now  using  the  results  associated  with  SPP2,  we  have: 

Theorem  1  : 

If  Condition  1  holds,  then 

r»  f * 

max  min  J[uQ,p]  =  min  max  J[u  ,p]. 

u  pe[0,l]  pc[0,l]  u0ene 

Proof : 

The  proof  again  follows  from  Sion’s  Theorem  [Sion:  1958]  by  noting  that 
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(a)  Is  a  convex  weakly  compact  subset  of  L2[0,T]  and  [0,1]  is  a 
convex  compact  subset  of  R. 

(b)  J:fix[0,l]-R 

e 

is  quasi-concave-convex,  weakly  u.s.c.  in  uQ  for  fixed  p,  and  continuous  in  p 
for  fixed  uQ. 

3 . 3  Solution  Structure: 

Lemma  1 : 

Let  (uQ*,p*)  denote  any  saddle-point  solution  to  SPP3,  then 

=  arg  max  J(uQ,p*) 

u  eft 
0  e 

where : 

“0*  -  »„  +  «*De)->C^x, 

it  -  -  F'k  -  kF  -  k<F0(P0  *  a*0  r^C-'k, 

k(T)  =  C  =  p*C  +  (l-p*)C  , 

1  2 

T 

and  a*  (  fu'*D  u*dt  -  e2)  =  0  , 

0  0  e  0 

a*  _>  0. 

Proof :  Lemma  1  follows  as  a  consequence  of  the  Linear-Quadratic  (LQ)  nature 
of  the  problem  setting  and  the  application  of  standard  multiplier  theory.  (See 
for  example  [Luenberger:  1969,  P.  217].) 
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It.  A  SECOND  OPTIMAL  INVASION  PROBLEM  WITH  LINEAR  DYNAMICS  ANT)  A  TOTAL  E'i'JKRCY 

CONSTRAINT : 


4.1  Problem  Statement: 


Let 


x  *  Fx  +  G  u  ;  x(0)A  x. 

0  0  —  0 


where 


u  eft  ; 

0  e’ 

«e=  {uoeL2[0,T]:  ||uo||;  ^e2}. 

e 

Define  J  and  J  by 
1  2 


J  =  x'(T)C  x(T) 
1  1 


J  =  x'(T)C  x(T). 
2  2 


Consider  the  following  Maxmin  Problem: 


max  min  J ( u  , i ) . 

0 

u  eft  iel 

0  e 


The  sole  difference  between  this  problem  and  that  considered  in  the  previous 


section  is  the  elimination  of  the  quadratic  terms  in  u  from  the  pay-off 

0 

functions  J  and  J  . 

1  2 


Reasoning  as  before,  we  are  lend  to  consider 


max  rain  J(u  ,p) 

0 

u  eft  pe[0,l] 

0  e 
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where 

J(u  ,p)  =  pJ(u  ,1)  +  (l-p)J(u  ,2) 
oo  o 

=  x'(T)(pC  +  (l-p)c  ]x(T). 

1  2 

4 . 2  Problem  Solution: 

Consider  the  following  saddle-point  problem  (RPP4) : 

Does 

H  * 

max  min  J(u  ,p)  =  min  max  J(u  ,p)? 

0  0 
u  eft  pe[0,l]  pc[0,l]  u  cfi 

0  e  0  e 


Lemma  1:  For  fixed  pe[0,l],  J(u0,p)  is  w-continuous  on 

Proof:  For  notational  simplicity,  we  consider  the  scalar  case,  i.e. , 

dim(x)  *  dim(u  )  =  1. 

0 

We  note  that 

T 

x(T)  -  0(T,0)x  +  /  4>(T,t)G  u  (It 

0  0  0 
0 

A* 

where  t1  is  the  state  transition  function  associated  with  F.  Hence,  x(T) 
can  be  expressed  as 

x(T)  =  a  +  <b,u  > 

0 

where  aeR,  beL2[0,T]  and  <•  ,*>denotes  the  standard  inner  product  on  L2[0,T]. 

(Here  we  are  of  course  assuming  that 

<t(T,t)G  e  L2  [0 ,T] )  . 

0 
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Therefore,  x^(T)  is  w-continuous  for  all  u  eh*- f1"1  ,T]  since  x (T)  is  w-continuous 

o 

in  n  .  Finally, 

0 

J (u  ,p)  =  x2(T)[pC  +  (l-p)C  ], 

0  1  2 

0*0 

and  therefore,  J(u  ,p)  is  w-continuous  cn  L2[0,T]  for  fixed  pe[0,l]. 

0 

Observation  1 : 

J(u  ,p)  A  x2(T)[pC  +  (l-p)C  ]  is  continuous  in  the  pair  (u  ,p)  when 
0  1  '  2  0  r 

0*0 

J:Pt  x  [U,  1]-*R,  where  Q  is  endowed  with  the  weak  topolory.  This  follows  from 
the  product  structure  of  J,  where  we  observe  that  the  product  of  the  limits 
of  two  sequences  is  the  limit  of  product  of  the  individual  sequences. 
Observation  2 : 

J:«e  x  [0,1  ]-*-R  is  continuous  in  the  pair  (u^,p)  in  tfle  general  case  - 

dim(x)  ■  n,  dim(u)  =  r-,  where  is  endowed  with  the  weak  topology. 

Observation  2  follows  by  noting  that  in  the  general  case  the  components  of  x(T) 
can  be  considered  as  a  linear  combination  of  underlying  linear  functionals. 
Theorem  1  : 


Let  M^  and  M  denote  respectively  the  set  of  all  probability  measures 

y  (respectively  y  )  on  St  (respectively  [0,1]).  Then, 
e  p  e 


max  min  E[J(uQ,p)]  =  min 


max  F[J(u  ,p) ] , 
0 


y  eM  y  eM 
e  u  P  P 


y  eM  y  eM 
p  p  e  u 


where  the  expectation  operation  is  with  respect  to  the  measures  y^  and  y^. 
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Comment : 

The  interpretation  of  this  theorem  is  that  the  saddle-point  nroblcn, 
(SPP4)  has  a  solution  in  mix  .d  strategies.  In  what  follows,  we  will  in  fact 
show  that  (SPP4)  has  a  solution  in  pure  strategies.  To  do  this,  we  will  need 
Theorem  1  as  a  preliminary  result. 

Proof  of  Theorem  1 : 

Since  J(u  ,p)  is  continuous  in  the  pair  (u  ,p)  and  ft  and  [0,1]  are 
0  0  e 

respectively  w-compact  and  compact  then  Theorem  l  is  a  direct  consequence  of 

a  general  saddle-point  theorem  [See  [Owen:  1968]  (Theorem  IV.6.1)]. 

Theorem  2 : 


Let  (u*,u*)  denote  a  pair  of  optimal  mixed  strategies  with  respect  to  the 

game  defined  by  J:ft  x[0,l]-*-R.  Let  p*  A.  E  [p].  If  arg  max  J(u  ,p*)  is 

°  u*  0 

p  u  eft 

0  e 

essentially  unique,  tlien,  the  pair  (y*  ,y*  )  are  one  point,  i.e.,  y*  and  y* 

e  p  e  p 

correspond  to  pure  strategies. 

Proof : 


Since  J[u  ,p]  is  affine  in  r>  for  fixed  u  ,  p*  A  E  *  [p]  can  be  viewed  as 
0  o  -  UplF 

an  optimal  pure  strategy  since 


Eu*  =  ^uo»p*^* 

P 

Let  U*Q*  ar?  max  J(u^.p*}.  Since  u*  is  essentially  unique  by  assumption,  the  pure 

u  eft 
0  e 

strategy  u*  is  equivalent  to  the  optimal  mixed  strategy  u*. 

0  e 
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Lemma  1 : 


D  ^rRx 
e  0 


where 

A*  e*  ***+  -I  r* 

R  *  -  F'R  -  RF - =—  RG  D_  1  G'R 

a*  0  e  0 

R(T)  A  C  =  p*C  +  (l-p*)C  ,  and 
1  2* 

T 

j  u*  D  u*dt  »  e2. 
n  0  e  C 


Proof :  Lemma  1. follows  as  a  consequence  of  the  Linear-Quadratic  (LQ) 
nature  of  the  problem  setting  and  the  application  of  standard  multiplier  theory. 
(See  for  example  [Luenberger:  1969,  P.  220].) 
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5.  AN  optimal  evasion  problem  with  linear  dynamics  and  hard  constraints  on  control 

5.1  Problem  Statement: 


Let 


x  =  Fx  +  G  u  ;  x(0)  A  x 

0  0  ~  0 


where 

u  -ft  ;  ft.  A{  u  eL2fO,T] :  a.<u  (t)<b  },  and  u  denotes  the  ith  component  of 

0  b  “  0  the  vector  u  . 

0 

Define  J  and  J  by 
1  2 

J  =■  x'(T)C  x(T) 

1  1 

J  «  x"(T)C  x(T)  . 

2  2 


Consider  the  following  Maxmin  Problem: 

max  min  J(u  ,i). 

0 

u  eft,  iel 
0  b 


The  sole  difference  between  this  problem  and  that  considered  in  the 
previous  section  is  the  replacement  of  ftg  with  ft^. 

Reasoning  as  before,  we  are  lead  to  consider 

max  min  J(u  ,p) 

0 

pe[0,l] 

where  J(u  ,p)  =  x'(T)[pC  +  (l-p)C  Jx(T). 

0  1  2 


5.2  Problem  Solution: 

Consider  the  following  saddle-point  problem  (SPP5): 

Does 

r*  «■* 

max  min  J(u  ,p)  =  min  max  J(u  ,p)? 

0  0 
pc [0 , 1  ]  u  eft, 

0  b 


u^eft^  pc[0,l] 
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In  order  to  answer  SPP5,  we  will  first  formulate  and  solve  a  related 
saddle-point  problem  SPP6: 

We  begin  with  the  following  definition: 

Definition: 

_  # 

X(T,x  )  A  (x(T)eE  :  x  =  Fx  +  G  u  ;  x(0)  A  x  ;  u  efi,  } 

0  0  0  =  o  o  fa 

Observation  1: 


X(T,x  )  is  a  compact  convex  subset  of  En. 

0 

Consider  the  following  saddle-point  problem  (SPP6)  : 

Does 

max  min  x"(T)Cx(T)  =  min  max  x'(T)Cx(T)  ? 

.  x(T)eX(T,x  )  pe [0,1]  pe[0,l]  x(T)eX(T,x  ) 

“0  o 

Theorem  j : 

Let  and  M  denote  respectively  the  set  of  all  probability  measures  y^ 


(respectively  y  )  on  X(T,x  )  (respectively  [0,1]).  Then, 
P  —  0 


r+ 

max  min  E [x'(T)Cx(T) ] 


y  eM 
x  x 


y  etl 
P  P 


min  max  E[x'(T)Cx(T) ] , 

y  eM  ye  M 
P  P  xx 


where  the  expectation  operation  is  with  respect  to  the  measures  y x  and  y^. 
Proof : 

The  proof  follows  by  noting  that  a(T,x  )  is  compact  in  En,  [0,1]  is  com- 

~  0 

pact  in  R,  and  x'(T)Cx(T)  is  continuous  in  the  pair  (x(T),p).  Hence  the  con¬ 
clusion  follows  as  a  consequence  of  Theorem  IV. 6.1  [Owen:  1968]. 
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Theorem  2 : 

Let  (y*,u*)  denote  a  pair  of  optimal  mixed  strategies  with  respect  to 
x  p 

the  game  defined  by: 

k:  X(T,x  )  x  [0,1  Ml,  k(x(T),n)  =  x'(T)Cx(T). 

”  0 

Let  p*  4  E  .  [p ] .  If  x*(T)~  nrg  max  k  (x(T) ,p*)  Ls  unique,  then  the  pair 
"  “p  S(T,X0) 

(w*,U*)  are  one-point,  i.e.,  p*  and  u*  correspond  to  pure  strategies, 
x  p  x  p 


Proof : 

Since  k(x(T),p)  is  affine  in  p  for  fixed  x(T),  p*  4  E  [p]  can  be  viewed 

’  "5 

as  an  optimal  pure  strategy  since 

E  .[k(x(T),p)]  =  k(x(T) ,p*) . 

P 

Let  x*(T)  4  arg  max  k(x(T),p*). 

x(T)cX(T,x  ) 

“  0 

Since  x*(T)  is  unique  by  assumption,  the  pure  strategy  x*(T)  is  equivalent  to 
the  optimal  mixed  strategy  u*. 

Theorem  3  ; 


Let  u*  denote  any  control  in  ftfe  which  achieves  x(T)  =>  x*(T),  then 

max  min  J(u  ,p)  ®  min  max  J(u  ,p)  =  J(u*,p*), 

0  0  ° 
u  eft.  pe[0,l]  pe[0,l]  u  eft, 

0  b  0  b 


i.e.  (u*,p*)  is  a  saddle-point  pair  for  SPP5.  [x*(T)  and  p*  are  defined  In  Theorem  2]. 

Proof:  The  proof  follows  directly  by  noting  that  (x*(T),p*)  is  a  saddle-point 

pair  for  the  game  defined  by: 

k  :X(T,x  )  x  [0,1  HR, 

~  0 

k(x(T),p)  =  x'(T)Cx(T) . 
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6.  AN  OPTIMAL  EVASION  PROBLEM  WITT!  NONLINEAR  DYNAMICS  AND  HARD  CONSTRAINTS  ON 


CONTROL : 


6.1  Problem  Statement: 


Let  x  =  f(x,u  ,t)  x(0)  A  x  where  u  eft: 

0  0  0 


JJ  =  {ugiu^t)  eEr;  u^  Lebesgue  measurable  on  [o,t],  a^<u^(t)  £  b^  ,i  =  l,...,r}. 

Define  J  and  J  by 
1  2 

J  =  x'(T)C  x(T) 

1  1 

J  -  x'(T)C  x(T)  . 

2  2 

Consider  the  following  maxmin  problem: 


max  min  J(u  ,i) . 

0 

u  eft  iel 

0 


The  sole  difference  between  this  problem  and  that  considered  in  the  pre¬ 


vious  section  is  that  the  dynamics  are  now  allowed  to  be  possibly  nonlinear. 


Reasoning  as  before  we  are  lead  to  consider 


max  min  J(u  ,p) 

0 

u  eft  pe[0,l] 

0 


where  J(u  ,p)  *  x'(T)  [pC  +  (l-p)C  ]x(T)  . 
0  1  2 


Consider  the  following  saddle-point  problem  (SPP7)  : 


Decs 


rrax  min  J(u  ,p)  *  min  max  J (u  ,p)? 

0  0 
pe[0,l]  pc [0, 1 ]  u  eft 

0 


u  eft 
0 
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In  order  to  answer  SPP7,  we  will  first  formulate  and  solve  a  related  saddle- 

point  problem  SPP8.  This  approach  parallels  our  analysis  in  section  5. 

We  begin  with  the  following  definition: 

X(T,x  )  A  {x(T)eEn :  x  =  f(x,  u  ,t);  x(Q)  *  x  ;  u  eft} 

“O'  0  00 

Assumption  1: 

Assume  X(T,x  )  is  compact  in  En. 

—  0 

Consider  the  following  saddle-point  problem  (SPP8) : 


Does 


max  min  J(u  ,p)  =  min  max  J(u  ,p)? 

0  0 
u  eft  pe[0,l]  pe[0,l]  u  eft 

0  0 


Theorem  1: 

Let  Mx  and  Mp  denote  respectively  the  set  of  all  probability  measures 
(respectively  on  jiCT.x^)  (respectively  [0,1]).  Then, 

*0  00 

max  min  E[x'(T)Cx(T) ]  *  min  max  E[x'(T)cx(T)] 


u  eM  y  eM 
x  x  p  P 


y  eM  y  eM 

p  p  x  x 


where  the  expectation  operation  is  with  respect  to  the  measures  y  and  y  . 

x  p 

Proof : 

The  proof  of  this  result  is  precisely  that  of  Theorem  1,  section  5. 
Theorem  2 ; 

Let  (y*,y*)  denote  a  pair  of  optimal  mixed  strategies  with  respect  to  the 
x  p 

game  defined  by: 
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k:X(T,XQ)  x  [O.lhR, 
k(x(T),p)  =  x'(T)Cx(T). 


Let  p*  -  E  *[p].  If  x*(T) A  arg_max  k(x(T),p*)  is  unique  then  the  pair 
MP  ^<T,x0) 

(MJ.PJ)  are  one-point  i.e.,  p*  and  p*  correspond  to  pure  strategies. 

Proof : 


The  proof  of  this  result  is  precisely  that  of  Theorem  2,  section  5. 


Theorem  3  : 

Let  u*  denote  any  control  in  ^  which  achieves  x(T)  =  x*(T),  then 

C*  +*  /•» 

max  min  J(u  ,p)  =  J  (u*,p*)  =  min  max  J(u  ,p). 

•0  0  0 
u  efl  pe[0,l]  pc[0,l]  u eft 

0  ° 

e* 

Hence,  the  pair  (u*,p*)  is  a  saddle-point  for  the  game  defined  by  J (u  ,p) 
o  0 

(SPP7) ,  where  x*(T)  and  p*  are  defined  in  Theorem  3. 

Proof : 

The  proof  of  this  result  is  precisely  that  of  Theorem  3,  section  5. 

6.3  Some  Comments  on  Theorem  1~3,  Sections  5  &  6: 

In  order  to  extend  the  saddle-point  results  for  the  case  of  linear  dynamics 

(section  5)  to  include  nonlinear  dynamics  (section  6) ,  we  have  assumed  that  the 

set  of  attainment  X(T,x  )  is  compact  in  E°  (Assumption  1,  section  6).  In 

f) 

this  section  we  will  consider  sufficient  conditions  to  guarantee  the  compact¬ 
ness  of  X(T,x  ).  The  following  results  are  due  to  Filippov  (Filippov;  1962). 

—  o 
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We  begin  with  several  definitions: 

Let  x  =  f(x,u,t),  x(0)  **  x  where  din(x)  =  n,  dim(u)  =  r.  Suppose  each 

0 

component  of  u  is  a  measurab]e  function  of  t  satisfving  a^  <_  (t)  b^, 

r 

0  <  t  <  T.  Let  U  denote  the  permissible  range  of  u,  i.e.  U  =  n  [a  ,b  |.  Supoose 

i=l.  1  1 

that  f  is  continuous  in  all  arguments,  and  is  continuously  differentiable  with  re¬ 
spect  to  x,  and  that 

x'f(x,u,t)  _<  C  [  1  +  ||  x  ||2]  for  some  C  and  all  t  ,x,  ueU . 

Let  R(t,x)  denote  the  following  set  valued  function: 

R(t,x)  =  (f(x,u,t):  ueu} 

Theorem  4  (Filippov) : 

If  f,  and  U  are  defined  as  above,  and  R(t,x)  is  convex  for  all  t, 

0  <  t  <  T,  and  xeFn,  then  X(T,x  )  is  compact. 

Comment:  Theorem  4  is  also  true  when  u(t)eU(t),  where  U(t)  is  compact  in  Er, 
and  the  set  valued  function  U(')  is  t-continuous  in  the  Hausdorff  Topology, 
for  all  t,  0<t <T . 


Proof:  See  [Filippov;  1962],  or  [Hermes  and  LaSalle;  1969], 
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7.  AN  OPTIMAL  EVASION  PROBLEM  WITH  NONLINEAR  DYNAMICS,  KlRD  CONSTRAINTS 
ON  CONTROL,  AND  A  GENERAL  TERMINAL  COST  FUNCTION: 

7.1  Problem  Statement: 

Let  x  ■  f(x,u  ,t) ,  x  (0)  =  x  ,  where  a  eft; 

0  0  0 

:  u  (t)eEf;  u.  Lebesgue  measurable  on  [0,T],  a.  <  u.  (t)  <  b . , 
“00  i  1 

A  r  r 

i  -  1,2,  ...r},  and  U  =  II  [a.,b.]<SE  . 

i=l 

Let  J  (x(T))  and  J  (x(T))  denote  terminal  cost  functions. 

1  2 


Assumptions : 

A  :  J  and  J  are  continuous  maps  of  En  into  R. 
112 


A  :  f:  En  x  U  x  [0,T]-*-En  is  continuous  in  all  arguments,  is  con- 
2 

tinuously  differentiable  in  its  first  argument  (x) ; 

x>f(x,u  ,t)  <  C[1  +  ||x||  2]  for  some  C  and  all  xeE11,  ueU,  and  t  e  [0,T]. 


A3  :  If  R  (t,x)  A  { f  (x , u  ,t)  :  uetf^  then 

the  set  R(t,x)  is  convex  for  all  pairs  (t,x)  where  0  <  t  <  T,  xeEn. 

A  :  Let  X(t,x  )  and  Y  denote 
4  —  0  “ 


X(T,x  )  A  {x(T)eEn:x  =  f(x,u  ,t),  x(0)  *  x  ,  u  efl} 
~  0  0  0  0 

Y  A  ((J  (x(T) ) ,  J  (x(T)))eE2:  x(T)eX(T,x  )}, 

~  1  2  ~  0 

then  Y  is  a  convex  set. 

Consider  the  following  maxmin  problem: 
max  min  J^(x(T)). 

u  eft  iel 
0 
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The  sole  difference  between  this  problem  and  that  considered  in  the 

previous  section  is  that  the  functions  J^(x(T))  are  now  allowed  to  be 

arbitrary  continuous  mappings . 

Reasoning  as  before,  we  are  lead  to  consider 

max  min  J(u  ,p) 

0 

u  eft  pe[0,l] 

0 

where  J(u  ,p)  =  pJ  (x(T))  +  (l-p)J  (x(T)). 

0  1  2 

7.2  Problem  Solution: 

Consider  the  following  saddle-point  problem  (SPP9)  : 

Does 

r+ 

max  min  J(u  ,p)  *  min 

0 

u  eft  pe  [0,1]  pe[0,l] 

0 

Theorem  1  ; 

Under  Assumptions  A  -  A  ,  SPP9  has  a  solution  in  pure  strategies. 

1  4 

Proof:  We  begin  with  several  observations. 

Observation  1: 

The  set  Y  is  compact  in  E2.  This  observation  follows  by  noting  that  Y  is  the 

A  A  A 

image  of  X(T,xQ)  under  J,  where  J(x(T))  ®  (J^xCT)),  J^CxOT))),  J  is  continuous 
(Assumption  A^),  and  X(t,Xq)  is  compact  in  En  (Theorem  4,  section  6). 

Observation  2 : 

Let  k:  Y  x  [0,1]+R,  k  (y,p)  =  py  +  (l-p)y  . 

_  12 


max  J(u  ,p)? 
0 

u  eft 
0 


\ 
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Since  k  is  continuous  in  (y,p),  convex  (affine)  in  p  for  fixed  y,  concave 
(cffine)  in  y  for  fixed  p,  and  [0,1]  are  compact  convex  sets  then  by 
Sion's  Theorem  [Sion:  1958],  the  game  defined  by  [k,Y^[0,l]}  has  a  solution 
in  pure  strategies. 

Hence,  the  proof  of  Theorem  1  is  complete  by  noting  that  the  games 

e*  ___ 

{J,0,[0,1]}  and  (k,Y, [0,1]}  are  equivalent.  Therefore,  if  (y*,p*)  denotes 

any  solution  to  [k,Y,[0,l]}  ,  (u*  ,p*)  denotes  a  saddle-point  solution  for 

—  0 

{J,Q,[0,1]}  when  u*  is  any  control  which  achieves  y*  =  J(x*(T)). 

0 

Comment : 

Assumption  A  of  this  section  in  a  sense  replaces  the  assumption  of  the 
4 

uniqueness  of  x*(T)  *  arg_max  k(x(T),p*)  which  appears  in  Theorem  2  of  sections 

X  (T, xQ) 


5  and  6. 
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8 .  OPTIMAL  EVASION  STRATEGIES  AGAIN' ST  MULTIPLE  MISSILES:  PART  II  -  FOR 
CRITERIA  WITH  A  FREE  TERMINAL  TIME 


8.1  Introduction : 

We  consider  a  missile  evasion  problem  formulated  in  terms  of  one  aircraft 
(the  evader)  and  two  guided  missiles.  We  delineate  the  existence,  structure, 
and  behavior  of  optimal  evasion  strategies  for  this  problem  based  on  the  fol¬ 
lowing  assumptions  pertaining  to  dynamics,  information  patterns,  and  optimiza¬ 
tion  criteria. 

Dynamics ; 

The  evader's  and  pursuer's  dynamics  are  each  nonlinear,  i.e., 

X  *  f  (x  ,u  ,t) 
e  e  e  e 


Wv'*- 1- 1-2- 


Information: 

Each  pursuer  (i  ■  1,2)  uses  a  given  feedback  control  law  for  its  guidance 
strategy.  The  evader's  a  priori  information  includes  a  complete  description  of 
each  dynamical  system  including  initial  state  information. 

Optimization  Criterion: 

The  evader  seeks  to  maximize  the  "distance  of  closest  approach"  between 
himself  and  each  pursuer  over  a  given  tine  interval  [0,T].  Since  there  are  two 
pursuers,  the  evader  is  faced  with  a  multi-criterion  or  vector  valued  optimiza¬ 
tion  problem.  One  approach  to  solving  this  multi-criterion  problem  is  to  seek  an 
evasion  strategy,  which  maximizes  the  minimum.  This  raaxmin  or  game  theoretic 

distance  of  closest  approach  between  the  evader  and  each  pursuer  over  a  given 
time  interval  CO.Tl. 
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This  approach  requires  that  we  solve  a  saddle-point  problem  to  obtain  the 
optimal  evasion  strategy. 

In  order  to  obtain  a  physically  meaningful  solution,  we  shall  modify  the 
original  problem  statement  to  include  a  set  of  constraints  on  the  evader's  per¬ 
missible  controls.  In  addition,  we  shall  assume  that  for  this  given  problem 
setting  there  exists  a  value  of  T  (suitably  large)  such  that  thre  is  no  need 
for  the  evader  to  consider  strategies  for  t>T.  This  implies  that  the  distance 
of  closest  approach  for  each  missile  occurs  at  an  interior  point  of  [0,T]. 
Hence,  we  have  chosen  the  free  terminal  time  nomenclature  to  describe  this 
situation.  This  latter  assumption  is  easily  justified  in  the  setting  where 
each  missile  is  non-thrusting  after  t  =  0,  and  drag  forces  are  included  in 
the  problem  formulation. 

.In  the  following  section,  it  is  assumed  that  the  reader  is  familiar  with 
the  material  in  sections  1-7  of  this  report. 
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9.  AN  OPTIMAL  FVASION  PROBLEM  WITH  NONLINEAR  DYNAMICS,  HARD  CONSTRAINTS  ON 
CONTROL,  AND  A  GENITAL  COST  FUNCTION: 


9.1  Problem  Statement: 


Let  x  ■  f(x,u  ,t),  x(0)  =  x  ,  where  u  eft;  and 

0  0  0 

ft4(u  :  u  (t)eEr;  u,  Lebesgue  measurable  on  [0,T],  a.  <  u. (t)  <  b  , 

-00  1  r  1—l—i 

i  *  1,2,  .  .  ,r},  and  U  =  IT  [a  ,b  ]. 

i=l 

Let  J  (x(t))  and  J  (x(t))  denote  general  cost  functions.  For  example 
1  2 

Jt(x(t))  could  denote  the  actual  distance  between  missile  i  and  the  aircraft  at 
time  t.  However,  the  function  could  also  be  chosen  to  depend  on  the  relative 
orientation  of  the  missile  and  aircraft  at  time  t. 

Assumptions : 


A  :  J  and  J  are  continuous  maps  of  En  into  R. 

1  1  2 

A  :  f:  En  x  U  x  [0,T]-*-En  is  continuous  in  all  arguments,  is  con- 
2 

tinously  differentiable  in  its  first  argument  (x) ; 

x'f(x,u,t)  C [  1  +  |jx||2]  for  some  C,  all  xtEn,  ueU  and  te[0,Tl. 


A  :  If  R  (t,x)  A  (f(x,u,t):  a  c  u.  <  b„  i  =  1,  ..,r},  then 
3  0  1  —  i  —  1 

the  set  R(t,x)  is  convex  for  all  pairs  (t,x)  where  0  <  t  T,  xeEn. 


A  :  Let 
4 

B  A  {(b,(x  ,u  ),  b  (x  ,u  ))c  E2:  x(0)  ■  x  ,  u  eft}, 

1  0  0  2  00  0  0 

where  b .  (x  ,u  )  Amin  J,  (x(t)),  then  B  is  a  convex  set. 
1  0  0  =  1 

0<t<T 


Consider  the  following  Maxmin  Problem: 


max  min  b, (x  ,u  ) . 

i  0  0 

u  eft  iel 

0 
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Reasoning  as  before,  we  are  lead  to  consider 
max  min 


r* 

J(u  ,p) 
0 


u  eft  pe[0,l] 
0 


where  J(u  ,p)  =  pb  (x  ,u  )  +  (l-p)b  (x  ,u  ). 

0  1  0  0  2  0  0 


9.2  Problem  Solution: 

Consider  the  following  saddle-point  problem  (SPP10) : 
Does 


max  min  J(u  ,p) 

0 

u  eft  pe[0,l] 

0 

Theorem  1: 


miu  max  J (u  ,p)? 

0 

pe[0,l]  u  eft 
0 


Under  Assumptions  -  A^,  SPP10  has  a  solution  in  pure  strategies. 

Proof:  We  begin  with  several  observations. 

Observation  1: 

The  set  B  is  compact  in  E2. 

Observation  2: 

Let  k:  B  x  [0,1]-*R,  k(b,p)  =  pb  +  (l-p)b  . 

1  2 

Since  k  is  continuous  in  (b,p),  convex  (affine)  in  p  for  fixed  b,  concave 
(affine)  in  b  for  fixed  p,  and  B,  [0,1]  are  compact  convex  sets  then  by 
Sion's  Theorem  [Sion:  1958],  the  game  defined  by  {k,B,[0,l]>  has  a  solution 
in  pure  strategies. 

Hence,  the  proof  of  Theorem  1  is  complete  by  noting  that  the  games 

(J,ft,  [0,1]}  and  {k,B,[0,l]}  are  equivalent.  Therefore,  if  (b*,p*)  denotes 

any  solution  to  [k,B,[0,l]}  ,  (u*^,p*)  denotes  a  saddle-point  solution  for 

(J, ft, [0,1]}  when  u*  is  any  control  which  achieves  b*  =  (b,(x  ,u*  ),b  (x  ,u*  )). 

0  0  0  2  0  0 
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10.  HISTORICAL  PRECIS: 

10.1  Games  of  Evasion  with  "ore  Than  Cne  Pursuer: 

As  far  as  we  are  aware,  Games  of  Evasion  against  several  pursuers  have  not 
appeared  extensively  in  the  literature.  Isaacs  considers  a  very  simple  example 
of  such  a  Differential  Game  on  p.  148  of  his  celebrated  monograph  [1965]. 

10.2  Games  of  Evasion  with  a  Single  Pursuer: 

The  literature  on  Games  of  Evasion  against  a  single  pursuer  is  relatively 
extensive.  We  cite  the  following  sources  as  examples:  The  monographs  by  Isaacs 
[1965];  Bryson  and  Ho  [1969];  and  Friedman  [1971].  The  papers  by  Behn  and  Ho 
[1968];  Rhodes  and  Luenberger  [1969];  Basar  and  Kintz  [1973];  and  Poulter  and 
Anderson  [1976],  The  thesis  by  Poulter  [1975]. 

10.3  Optimization  Problems  with  Vector  Valued  Pay-off: 

The  literature  concerning  optimization  problems  with  vector  valued  pay¬ 
off  functions  is  considerable.  We  cite  the  seminal  paper  by  Da  Cunha  and  Polak 
[1967]  and  the  contribution  by  Reid  and  Citron  [1971]  as  examples. 

10.4  Linear-Quadratic  Optimization  Problems  with  Vector  Valued  Pay-off : 

The  problem  of  solving  an  LO  optimization  problem  with  vector  valued  pay¬ 
off  has  been  considered  by  ftedanic  and  Andjelic  in  a  sequence  of  papers  and 
letters  [Medanic  and  Andjelic:  1971,  1972a,  and  1972b].  (See  also  the  critical 
appraisal  of  this  work  by  Ho  [1971].) 

The  results  of  section  2  of  this  present  report  parallels  the  open- ] cop 
results  obtained  by  Medanic  and  Anjelic  [1971,  1972b],  The  basic  difference 
(besides  the  cethodology)  is  that  we  consider  a  max  min  problem  with  weighting 
matrices  with  both  positive  and  negative  eigenvalues,  whereas  Medanic  and  Andjelic 
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consider  a  min  max  problem  with  positive  and  nonnegative  weighting  matrices.  This 
difference  leads  to  the  possible  existence  of  a  conjugate  point  in  the  present 
problem  setting,  which  in  turn  provides  us  with  a  natural  interpretation  for  our 
Condition  1  (section  2).  We  note  that  no  conjugate  point  phenomenon  can  arise  in 
[Medanic  and  Andjelic:  1971,  1972b]. 
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6.0  Conclusions  and  Recommendations  for  Further  Research 

Four  real-time  heuristic  algorithms  for  determining  aircraft  evasion 
strategies  against  a  multiple  missile  threat  have  been  described.  All  four 
heuristic  algorithms  are  motivated  by  a  formal  game  theoretic  model  for 
multiple  missile  evasion.  Algorithms  1  and  2  are  based  on  "myopic"  saddle 
point  calculations  which  apportion  the  projection  of  the  instantaneous  air¬ 
craft  acceleration  among  the  normals  to  the  individual  maneuver  or  guidance 
planes  defined  by  each  missile  and  its  target.  Algorithms  3  and  4  are  also 
based  on  "myopic"  saddle-point  calculations.  These  latter  two  algorithms 
apportion  the  projection  of  the  instantaneous  aircraft  acceleration  into  the 
individual  maneuver  planes  so  as  to  maximize  the  minimum  of  a  particular 
function  which  is  related  to  the  line  of  sight  rate  of  each  missile  threat. 
These  latter  two  algorithms  are  motivated  by  the  concept  of  anti-proportional 
navigation. 

Each  algorithm  has  the  following  properties:  i)  each  requires  rela¬ 
tively  minimal  dynamic  and  parametric  information;  ii)  each  provides  cap¬ 
ability  against  an  N  missile  threat;  iii)  each  generates  aerodynamically 
feasible  aircraft  maneuvers  which  meet  both  structural  and  pilot  stress 
limitations;  iv)  each  is  computable  using  foreseeable  hardware;  v)  each 
exhibits  markovian  behavior,  i.e.,  each  is  restartable  from  present  state 
information. 

Simulation  results  using  each  algorithm  with  generic  F-4  and  AIM-9 
truth  models  characterized  by  nonlinear  differential  equations,  including 
lift,  drag,  gravity,  3-dimensional  point  mass  dynamics,  aircraft  load  factor 
and  roll  rate  limits,  and  missile  autopilot  dynamics  and  load  factor  limits 
have  been  presented. 


Based  on  the  performance  of  the  four  heuristic  algorithms  against  seven 
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representative  multiple  missile  engagement  scenarios  (Table  4-2a) ,  where  algo¬ 
rithm  performance  in  a  given  scenario  is  gauged  by  the  minimum  miss  distance 
associated  with  missiles  1  &  2,  one  observes  that,  on  a  scenario  by  scenario 
basis,  there  is  no  single  algorithm  whose  performance  dominates  the  remaining 
three  algorithms „  However,  if  we  calculate  the  total  number  of  multiple 
misses,  we  observe  that  the  algorithms  ranked  in  decreasing  order  of  perfor¬ 
mance  are:  Algorithms  1,  4,  2,  &  3. 

We  believe  that  the  importance  of  this  present  study  lies  more  in  the 
development  and  comparative  analysis  of  real-time  algorithms  for  multiple 
missile  evasion,  than  in  the  absolute  numerical  miss  distance  results  obtained 
herein.  The  missile  model  enployed  in  this  study  exhibits  performance  cap¬ 
abilities  which  make  it  more  effective  than  an  actual  missile  would  be. 
Inproving  the  missile  model's  realism  will  therefore  affect  the  numerical 
miss  distance  results  in  the  simulation. 

Further  research  work  is  currently  being  pursued  in  several  areas  to 
obtain  further  insight  into  the  potential  for  actual  implementation  of  a 
"future  generation"  of  one  or  several  of  these  algorithms  in  an  operational 
setting:  i)  timing  of  maneuver  initiation  in  the  EEG  phase;  ii)  transition 
strategies  between  the  EEG  and  IEG  phases;  iii)  the  incorporation  of  load 
factor  as  well  as  bank  angle  in  the  aircraft  maneuver  strategy;  iv)  a  cross 
comparison  between  algorithms  as  a  function  of  initial  scenario  geometry  and 
state  description;  v)  a  parametric  sensitivity  analysis  for  items  i  -  iv. 
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Launch  Envelope  Sensitivity  Analysis,"  First  Ann  Arbor  Corp. 

(1977)  Veda  Proposal  13005-77U/Q0105 ,  "Technical  Proposal  Volume  I  -  Missile 
Launch  Envelope  Sensitivity  Analysis,"  Veda  Corp. 

Technical  Manuals : 

(1977)  USAF  Flight  Manual,  TO  1F-4C-1,  (for  USAF  Series  F-4C  &  F-4D  aircraft) . 

Course  Notes: 

(1975)  Hohwiesner,  W. ,  "Principles  of  Airborne  Fire  Control,"  Department  of 
Astronautics  and  Computer  Science,  United  States  Air  Force  Academy. 
(These  course  notes  are  referred  to  in  Chapter  3  of  this  present 
study  by  (AFA,  1975).) 


FORTRAN  IV  Source  Programs 

Program  ACDYN.91:  complete  listing;  pp.  A-2  through  A-25. 

Program  ACDYN.92 :  main  program  and  subroutine  VALUE;  pp.  A-26  through  A-34 

Program  ACDYN.93:  main  program  and  subroutine  VALUE;  pp.  A-35  through  A-43 

Program  ACDYN.94:  main  program  and  subroutine  VALUE;  pp.  A-44  through  A-52 
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42  C 

43  C 

44  C 

45  C 
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ACDYn.91  -  MTOPIC,  MULTIPLE  (TWO)  MISSILES 

USES  Lf-1.0,  eA=U.Q  FOR  CONTROLS  FOR  FIRST  STEP, 

then  maneuvers  to  maximize  acceleration  normal 

TO  THE  'GUIDANCE  PLANE'  FOR  SINGLE  MISSILE  CRITERION 

FOR  COMBINATION,  USE  00  LOOP  OF  LAMBDA'S,  I.E. 

LAPbDA  =  U.O  THkU  1.0  ST  0.U5,  AT  EACH  STEP, 

TO  FIND  THE  MIN(LAMbDA)  OF  THE  MAX(UO)  OF  : 

|(LAM8DA>ACC£L(D0T)G 1)  ♦  ( < 1 -L AMUDA ) >ACC EL ( D CT) G2 )/ 

WHEN  CNE  MISSILE  HAS  HISSED  THE  AIRCRAFT,  BEGIN 
TO  IGNORE  IT  -  I.E.,  SET  LAMBDA  TO  1  OR  0 

DEFINE  THREAT  ASSESSMENT  FOR  EACH  MISSILE  I  AS  A 
FUNCTION  OF  LAMoOA;  I.E. 

1AKLAMBDA)  =  DM1SKFINAL) 

TA2(LAHBDA)  *  0MIS2(FINALI 

ALL  MANEUVERS  ROLL-RATE  LIMITED  (RLMAX  DEGREES) 

WRITES  TO  THE  TERMINAL,  THEN  PRINTS 

RK11  =  RK12  a  4.5 

STORAGE  FOR  UP  TO  100  ITERATIONS  AFTER  ONSET  OF  MANEUVER 

PLOTTED  VARIABLES  ARE  — - 

PL<  ,1)  a  USTAR  (DEG) 

PL(  ,2)  =  PER  FSTAR 
PL( ,3)  a  USTAR2  (DEG) 

PL<  ,4)  a  PER  fZ 
PL  (  ,5 )  =  GX  ) 

PL (  ,6 )  =  GT  )  COMBINED  USIN6  LAMBDA 
PL(  ,7)  a  6Z  ) 

PC (  ,8 )  =  CF1  (COMMANDED) 

PL (  ,9 )  a  SPECIFIC  EnERGT  (A/C) 

PL (  ,  1 U )  =  SP.  EN.  (MISSILE  1) 

PL (  ,11)  *  ALPHA  (A/C) 

PL (  ,1 2 )  -  GAMMA  (A/C) 

PL  (  ,1 3  )  =  SI&rtA  (A/C) 

PL (  ,14 )  =  N0RM1 ( G)  =  (GX1 » *2*6?1 * *2 +G Z 1 »«2)**0.5 
PL<  ,15)  =  Z  (A/C) 

°L (  ,16 )  =  AIRSPEED  (A/C) 

PL<  ,17)  =  ST1  (L.O.S.  PITCH) 

PL ( ,18)  a  THETA1  (L.O.S.  TAW) 

PL (  ,1V)  =  NORN(ACCEL)  a  <  A  X  •  *  2  ♦  A  Y  *  ♦  2  ♦  A  Z  ‘  *  2  )  *  *0  .5 
PL(  ,2U)  a  CRAG  (A/C  ) 

PL  (  ,21 )  a  i  (MSSILE  1) 

PL(  ,22)  =  X  (A/C) 

PL(  ,23)  =  X  (MISSILE  1) 

PL(  ,24)  =  T  (A/C) 

PL<  ,25)  =  T  (MISSILE  1) 

PL (  ,  26 )  =  I  FLAG  a  5  L,  ♦  FOR  OSTAR,  -  FOR  USTAR2 
PL(  ,27)  a  ST0T1 
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SOU ROUTINE  IN  I T 
DIMENSION  I0N0M2) 

SEAL  *u,  LF,  LO,  Ml,  Lf  1  i  LI,  IN  IN ,  LMAX,  MAXLF,  NORMAX, 

1  LOS-AX,  Lf  2 ,  L2 
INTEGER  C0T1ME 
LOGICAL  PRIED, LONCE 

COMMON  /AMP/  To.flOSO.ALF  AO  , C  LO  ,  0  0 ,  LO ,  G  ,  M 0 ,  C 0 1  ,  C02  ,  C  03', 

1  KNO.faE IA,CLAF0,Su,CU1, 002, Ml ,CLAf 1 , S 1 , D 1 1 , R L MAX , 

2  D 1  c*THHESH,RIC11  , RK 1 2 , S  1S1,ALFA1,CLl,D1,L1,ALkEAS 

3  ,PI,IAU,TAFTB,TFLAG,G2S2,ALFA2,CL2,D2, L2 
COMMON  /FARM/  JJ.XSTEP 

COMMON  /  F  A  R  M  2  /  V T Hu , V TH 1  , 0 TH , T S T EP , 1C PUT* 

CONMON  / P A R M 3 /  NO, 10 
COMMON  /PARM3/  HANUVR 
COMMON  /PARM7/  LONCE 

COMMON  /FARM  V/  I S E C , D MI S  1 , DM  1 S 2 , PR TE D 

COMMON  /  CON  TK  /  AC  LF  U  001  ,  A  CB  A  (  1 0  0)  ,  ACT  I  <  10  0)  ,  T  CHG  ,L  F,  UO  ,MA  XL  f 
COMMON  / MS L /  LF1  ,U1  ,PST1  .ThETAl  ,LF2 ,02  ,PSY2,  THE.TA2 
COMMON  /ARRAU/  XO  U  3  )  ,  X  ol  N<  1  8  ) 

COMMON  / FL  9  R /  PL 1 1 LO,  S3 )  ,  PMA X,  PM  IN , LMA X , LM IN , S PMA X , 

1  SF«IN,ALFMAX,ALFMIN,N0RMAX,2MAX,2.4IN,WMAX,VH1N, 

2  DMAX  ,  DMIN  ,XMAX  ,XMI  N,  T  MAX,  TMIN  ,A.VMAX  .LOSMAX 

DATA  ITES/'T'/,  1 ONO F / '0 F F ', 'ON  '/ 

1  FORMAT  (ID 
3  FORMAT  C I  3) 

6  FORMATCf 12.61 
11  FORM  AT CA1) 

1 F (LONCE  1  GO  TO  800 
PI*3. 14159 
N0=1  6 
N 1  =6 
10=100 
ISEC=1 
RLMAi=60C.0 
ALREAS=23.0*PI/180. 

MU=12  43  •  C 

SETA*0.0C0030575 

0=32.16 

RHO=o. 0023769 

TAFTo=13C00. 

C02=-0. 7C18 
C03=11.1 41 
C  L  A  f  0  =3  •  6986 
SP=5  30.0 
001=0. 01675 
002=0.223 
M1=3. 20 
CLA  F 1 =22  .918 
S1=0  .223 
011=0.7 
012=0.042 
RK11=4.5 
4X12=4.5 
IHRESH=0.1 
WTm0  =  200  .0 
V  THi *200  .0 
DTH= 15.0 


61  C 

6<!  C  bE6  I  N  INPUTTING  DATA - 

6 3  C  US  c  PILE  10 

64  C 

64  READ  <10, 5)  KSTEP 

66  TST£P=1 . C/FLOATOCSTEP) 

6  7  READ  Ml)  , 6 1  XU(1> 

66  READ  MU, 6)  XO(Z) 

69  READ  (1U, 61  XU  (  3  ) 

/ 0  READ  (10,6)  XO  (4  ) 

71  READ  MU,  6)  DAI 

72  XU(4)=bAl«P17130. 

73  READ  (10,6)  DA2 

74  X0(6)=0A2*PI/1a0. 

74  READ  (10,6)  TAU 

76  READ  (10,6)  XO ( 7) 

77  READ  ( 1 U  ,6 )  XO (8 ) 

76  READ  ( 1 U  ,6 )  XO (9 ) 

7V  READ  (10,6)  10(10) 

80  READ  (10,6)  D  A3 

81  X0(1 1)=DA3'PI/180. 

62  READ  (10,6)  DA4 

83  X0(l2)=DA4rPj/180. 

64  READ  (10,6)  XU(13) 

64  READ  (10,6)  XO  (1 4  ) 

86  READ  (10,6)  XO ( 1 4 ) 

87  READ  (10,6)  XO (16) 

88  READ  (10,6)  DAS 

89  X0(1 7)=DA5 -PI/180. 

90  READ  (10,6)  DA6 

91  X0(lo)=DA6*Pl/180. 

92  C 

93  DO  740  1=1, NO 

94  XUIN(I)  =  XOU) 

94  740  CONTINUE 

96  GO  TO  814 

97  C 

98  6UU  CONTINUE 

99  =RITE(6,613) 

00  813  TORN  AT(  1  Hi ) 

01  814  CONTINUE 

02  DO  840  I =1 ,N0 

1)3  X0(  I  )=X0  IN<  1  ) 

04  8  4  C  CONTINUE 

04  1F(I SEC.  EQ.Z)  GO  TO  870 

06  C 

07  LONC  E  * • T  RUE  • 

08  WRI T  t (2 ,852 )  TSTEP,  TAU 

U9  bRITc(6,642)  TSTEP,  TAU 

1U  842  FORM AT(3X, 'TSTEP  =  ',£8.4,',  TAU 

11  bRITt(2, 844 ) 

12  644  FORM  AT  </  ,'  X0(.)  AIRCRAFT 

13  1  '  MISSILE  *2',/) 

14  C 

14  DO  860  1=1, N1 

16  3=140 

17  *.  =  !  *12 

18  TEHP=XO(I) 

19  TEMP1  =  XUU) 

2  U  1EMP2=X0(K) 


F8 .4, /) 

MISSILE  11' 


121 

IFU  .LI.  5)  60  TO  855 

122 

TENP=TcNP*1S0./Pl 

123 

IEHP 1  =  T  E  PP 1 *100. /PI 

124 

TEMP2=TE  0P2  •10O./P1 

12  3 

033 

CONTINUE 

126 

4»lTc<2,c56l  I,  TEMP,  TE0P1,  TENP2 

12/ 

•  RITt<o,c56)  I,  TEMP,  J,  TEMPI,  li,  TEMP2 

126 

636 

FORMAT! I  t,3  (  5X,G1  5.6)  ) 

12V 

6  36 

FORMmT(3x,'1N1T  XOC',11,  '1  a  ',615.6, 

1  3 II 

1  IX.'INIT  XU(',I2,'l  =  ',615. 6, IX, 

131 

2  ' 1 V 1 T  X0<*,I2,'l  =  ', hi  5.6) 

132 

660 

CONTINUE 

133 

c 

134 

6/0 

CONTINUE 

135 

1CPUI*!  =  CUTINE<01 

136 

LF1=.25*0A3 

13/ 

LF2=.2S«0AS 

130 

U1=U.O 

13V 

U2-0 .0 

14  0 

U0=0.0 

141 

ACTI <1J=G.G 

142 

ACLF  (11  =  1.0 

143 

ACBA  <11-0.0 

144 

hANUVP-0 

143 

PRTEO=. FALSE. 

146 

C01 =22345 ./ 

14  / 

c 

140 

Z01=a0<31-X0<91 

14V 

»01=X0<2)-X0<81 

130 

I01=xO<1 1-XQ (71 

151 

RXY=S9RT (X01 «XDl*YDl *T01 1 

152 

PST1=*TAN2<Z01,RXT1 

153 

TN£TAl=ATAN2<T01fX0ll 

134 

DNIS1=SQRT(RXT**2*2Dl*»21 

153 

c 

“  ‘  ** 

156 

ZD2=xO(31-XO(151 

15/ 

YD2=XO(21~XO<141 

130 

X02=xC<1  1-XO  <131 

15  V 

kXY=S9fcT(X02'X02*YD2*Y02] 

160 

PSY2=*TAN2(Z02,RXY1 

161 

THETA2=ATAN2<TD2,XD21 

162 

OM  S  x=S«  RT  <R XT »*  2*202  «*2 1 

163 

c 

'  '  .  .  ** 

164 

00  80C  1=1,53 

163 

00  860  J=1,10 

166 

PL<J,I1=C.0 

16/ 

600 

CONTINUE 

160 

PMAX=1oOCOO.U 

16  V 

PMIN  =0.0 

I/O 

LN  AX  =0 .0 

1/1 

LHI N  =6 .0 

1/2 

SPHA  a  =  U  •  (2 

1/3 

SPMIn  =  XO  IJ1*U.5»X0<41 *X0 <41/6 

1/4 

AL F M  A X =0  .0 

1/3 

ALFM in  =  o  .0 

1/6 

NORMAX=U  .0 

1// 

ANM AX=U . C 

1/0 

ZPAX  =0  .0 

1/V 

2MIN  =  *nlM(XU(3},XQ(91,xU(1Sll 

100 

XMAX  =0.0 

18  1  XMlN  =  *MlM(Xud)tXG(7>,XC(13)> 

182  t  M  AX -0 • 0 

18  3  TM1N  =  »MIM  <  X  U  <  2  )  ,XQ(8),XCd4)> 

184  VNAX=XU(<i) 

183  VH1N=XU!4> 

186  OMAX=0.0 

18/  DMIN=1.0E10 

188  L0SNAX=0.0 

189  C 

IV 0  bRlTt(2, V03 ) 

191  903  FORMATt/,'  BEGIN  ALL  MANEUVERS  AFTER  1  STEP') 

192  C 

193  »R1TE<2,913)  RKl  1  ,  RKl 2 

194  ■RITc(o,V13)  RK11.RK12 

IV)  913  F0RM*T<2U, 'PROPORTIONAL  N AV 16 A T ION  GAINS:',/, 

196  1  12X, 'PITCH  (RKl  1 )  *  ',»12.3,',  YAH  (RK12)  =  '.G12.3 ,/> 

197  C 

198  bRlTEl2,S16> 

199  916  FORMAT!'  ENTER  MAXIMUM  LOAD  FACTOR  FOR  A/C  (F12.6)') 

2UU  CALL  BEL  Ld ) 

201  READ  (1,6)  MAXLF 

202  ifimaxlf  .eo.u.O)  maxlf=6.o 

203  WRITE<2,S18)  MAXLF 

204  WRl Tt(o, 918)  MAXLF 

20)  918  FORMaTdCX,'  A/C  MAXIMUM  LOAD  FACTOR  =  ',F5.2,/> 

20  6  C 

20?  GR1TEI2.926) 

208  926  FORMAT ( '  USE  AFTERBURNERS  IN  MANEUVER  (t  OR  N)?') 

209  CALL  BELL1 1 ) 

210  READd.11)  1  DOM 

211  TFLAb=O.C 

212  lF(IDUM.EQ.lYES)  TFLAG=1.0 

213  I=TFL*m*1.0 

214  bRITEU,  928)  10NOF1U 

21)  ■R1TE(6IV281  IONOFCI) 

216  928  FORPATdLX,'  IN  MANEUVER,  AFTERBURNERS  HILL  bE  ',A3 ,/) 

21?  C 

218  ISEC=1 

219  .R1TE!2,971) 

220  971  FORMAT!'  ENTER  1  TO  ABORT') 

221  CALL  PEL  Ld  ) 

222  KEADdfl)  LOGIC 

223  1MLCGIC  .E0.1)  STOP 

224  C 

22)  RETURN 

226  END 


1  SUBROUTINE  VALUE 

2  REAL  *u,  Lf,  LO,  HI,  Lfl,  LI,  NORMl,  LMAX,  LMIN,  MAXLF, 

3  1  NO'hU,  LOSiAAX ,  LF2,  L2,  NORN  2  ,  LAN  DAI,  LAN  0A2  , 

4  2  N0RH6 

5  DIMENSION  AC0M1OO.2) 

0  LOGICAL  PRTED,  FLAG1,  FLA62 

7  INTEGER  CUTINE 

8  COHHOV  /AMP/  TO , Q OSO , ALE  AO , C LO , 0 0, LO , G , N 0, CO  1 , C 02  ,  C 03  , 

V  1  RH0,»E1A ,CLAFU,Su,0U1 , D02,H1 ,CLAF1 ,S1 ,D1 1.RLMAX, 

10  2  012, THRESH, RATI ,RK12,G 1ST, ALFA 1,CL1 ,01 ,L1, ALKEAS 

11  3  ,PI,TAU,TAFTB,TFLAG,R2S2,ALFA2,CL2,D2,L2 

12  COMMON  /  FA  Rfl  1  /  JJ.fcSTEP 

13  COMMON  / F A  RN  2 /  V T HC , V THl  , 0 TH , TS T £P , I CPUTH 

14  COMMON  / PARM3/  N0,lU 

15  COMMON  / P A  R  N4 /  STEP 

16  COMHUN  / PA  R  N  3 /  NANUVR 

17  COMMON  /FARMS/  1 S E C , 0  MI S  1 , DM  1 S 2 , PR TED 

18  COMMON  / AR  R  AT  1 /  X 0 ( 1 6 ) , X 0  I N( 1 8 ) 

IV  COMMON  / CON  T  R /  A C LF ( 1 U 0)  ,  A CB A < 1 0 0 ) , A C T 1 < 1 00 ) , T CH6 , L F , UO ,M A  XL f 

20  COMMON  / FLVR /  PL<1oO,33)  ,  PMA X , P M  IN , LMA X , LM I N , S PMA X , 

21  1  SP'IN ,ALFMAX, ALFMIN.N CRMAX ,2M AX , ZNIN, VMAX, VMIN, 

22  2  DrtAX , CHIN , XrtAX ,XMIN, T MAX, Yr IN  .ANMAX .LOSMAX 

23  COMMON  / PSL/  LF1 ,01 ,PST1  ,ThE TA1 ,L F2, U2.PST2, THETA2 

24  C 

25  EOUI VALENCE  1GANA, *015))  .(SIGMA, X0(6J) 

26  EQUIVALENCE  tV'J  ,  X  0  <4  I  I  ,  (  VI  ,  X  0  (  1  U  )  J  ,  (  V2  ,  XOC  16  J  * 

27  C 

28  DATA  TES1N  71.0/,  IEX1T/'X'/,  IQUIK/'Q'/ 

2  V  C 

3  0  PERF  (U)=C0EFA*C0S <UI *COE FB *S IN (U )*COEFC 

31  C 

32  COSGA«*  =  COS16ANAI 

33  SIN6A-=S1N(6AMA) 

34  C0SSIG=CCS (SIGMA) 

35  $INSIG=SIN(S I GMA ) 

36  C 

37  T  A-0 .0 

38  4  J =0 

3  V  DUM1=1.0E10 

4  U  OUM2  =  1.0E10 

41  FLAG1=. FALSE. 

42  FLAG2*. FALSE. 

43  LAHDA1-0.S 

44  C 

45  C  FLAG  Cl)  INDICATES  THAT  MISSILE  I  ALREADY  GOT  AWAY 

46  C 

4/  1UU  CONTINUE 
48  IF(FLAGT)  LAMDA1=0.0 

*V  I F ( F  L Ao2  )  LAMOAT  =  1.0 

50  LAI DA2  =  1 .O-LAMDAl 

51  IVAL=5U 

52  TPR  I  l,T  =  T  A 

53  V0X=V0*CCS6AM«C0SSIG 

5  4  VUT=V'J  -CCSGAM*SINSIG 

55  V07=V0- S  1N6AM 

36  V1X  =  V1'C CS 1X0(11))  -C0S<XC(12)) 

57  V1T  =  V1 'CCS  1X0(11 ))-SIN(X o<12)> 

58  V 1 Z  =  V 1  "S  INlXudl  )  ) 

5  v  v2x  =  v?~ccs(xo(r/))'cos(xo(ian 

6  0  V2T=V2* CCS  1X0117)) -SI  NIX  0(18)) 


61 
6  2 
6  3 

64 

65 

66 
67 
6b 

6  V 

7  U 
71 
7  2 

73 

74 

75 

76  C 

77 
7  0 

7  y 
bU 

8  1 
8  2 

85 
84 
83 

86 

87 

88 
8  V 

vu  c 

91 
9i 
93 
V4 
y  5 
y  6 
y7 
98 

vy 

100 

101 
102 
105  C 

104  C 

105  C 

106 
107 
10b  C 
10V 
110 
111 
112 

113 

114 

115 

116 
11  7  C 
118 
11V 
120 


V2Z  =V2 »SIN<XQ<17)> 

VRELx1=VtX-V1X 
VRELY1  =  Vt.Y-V1Y 
VREL  Z  1  =V  C.Z  ~  V  1 7 

VRELI1=SGRT<VRELX1«*2*VRELY1«*2*VRELZ1**2> 

WRELX2-VEX-V2X 

VRELf?=VCir-V2T 

VREL22=VCZ-V2Z 

VRELT2  =  SCiRT(VR£LX2,*2'*VR EL Y2 »*2 ♦ VR ELZ2 * *2> 

0  ELX 1  =  XU  (1 ) -X0 ( 7  > 

del  y  i  =xo <2)-xo( a> 

OELZ 1=XU  (3J-X0CV) 

DELX2=XU  (1 )-X0<13) 

DELY2=XU  <2)-X0(14) 

OELZ 2=X0  (31-XCUi) 

dubi=abi m  <oubi,dbis1) 
duh2=ahi  ni  iouf*2,dbis2> 

DHlS1=S0f«T  (  0  fc  L  X  1  *  '2  +  DELT  1*»2*D£LZ1  *  *2  J 

D«ISZ=SQRT(DELX2-  ELT  <.*  *2 -*0  E L  Z2  *  *2 1 

0SV1  =  0.5  -  0HIS17VRELT1 

OSV  2  =0 . 3  OMI S2/VRELT2 

ST£P  =  AhIM (TSTEP.DSVl ,0SV2> 

DBIS=ABIM(DHIS1,0HIS2> 

IFUj.bT.OJ  BANOV  R  =  1 
LF  =  1  .0 
OLAS  T-UO 

00=0.0 

1  FEW ANUV R.NE  .1 )  GO  TO  300 

O0=OL AS  T 
LF=B AXLF 
1SEC=ISEC*1 

GX1  =  VRELY1-DELZ1  -  VRELZ1*DELY1 
6T1  =  VRELZl  ’0ELX1  -  VRELX1*0ELZ1 
6Z1  =  VRELXl  “CELT1  -  VRELT1*DELX1 
NORM  1  =  SORT  t  GX 1  '6X1  ♦  9Y1-GY1  ♦  GZ1»GZ1> 

GX2  =  V  R  EL  Y  2  '  D  ELZ  2  -  VRE  LZ  2  *-0  E  L  Y  2 

GT2  =  VRELZ2-0ELX2  -  VRE 1X2*0 ELZ 2 

6Z2  =  VRELX2-0ELY2  -  VRELY2«DELX2 

NOR  B  2  =  SORT  (6X2  »GX2  ♦  6X2*612  ♦  GZ2*6Z2) 

IFINORNl. GE.1ESTN.ANO.NO hN 2. GE.TESTN)  60  TO  200 

norm  too  shall ,  no  goioance  plane,  do  nothing  yet 

LF  =  ACLF<  ISEC-1J 
GO  TO  2V0 

200  CONTINUE 

GX1=6X1/M)RH1 
6Y1=6Y17R0RB1 
bZ1=b?1/N0RHl 
bX2*bX2/NORH2 
GV2=bY2/NORH2 
G77  =  bZ2/(»0RB2 
P£RFrt  =  1  .C.E20 


00  270  LAHB=1,21 
LABOAl=FlOAT<LABb-1 J/20 
LAND  A?  =  1  .0-LABOAl 


121 
122 
125  C 

124 

125 

126 

1 27  C 
12  6 
12  V 
150 

131 

132 

153 
134  C 

133 

136 

137 
156 
13V 
140 
14  1 
142 
145  C 

144  C 

145  C 

146 

147 
146 
14V 

150 

151 

152 

155 

154 

155 

156 

157 

156  C 
13V  C 

160  C 

161  C 

162 
165 

164 

165  C 

166  C 

167  C 
166  C 
169  C 
1/0 

171 

172 

173 

174 
173 
176  C 
17/ 
176 
17V 
160 


IF(FL*61  .and. (LAMB. GT.1)  5  60  TO  280 
1F(FLA62.AND.(LAM8.LT.21  55  60  TO  270 

6X=LA"OA1*GX1<LAMOA2 *6X2 
6Y=LA*’0A1*6Y14LANCA2*6Y2 
GZ  =  LAI»DA1*GZ1*LAMDA2  *622 

C0EFA-6Z *C0S6AN-GY •  S  I  N6A  H»SI  NS  I G -G  X  *S  I N6  AM 'COS  SIG 
COEFA-CO£FA»(Ld*TU>SlS(ALFAOJJ 
C  0  E  F  o  =6  Y  'COSGAM-GX  -SINbAM 
COEFo  =  COtFBMLQ*TC-SIN(ALFAO)) 

COEFC=((TO.COS<ALFAO)-UO)*IGZ*SIN6AM+GY*COS6AN«SINSI6 
1  ♦6*-CCS6AM*COSSIG5 5  -  6Z*»Q*S 

USTAR=ATAN2(C0EFB.C0EFA5 

USTAR2=USTAR*PI 

1MUSTAR  .GT.U.O)  USTAR2= USTAR-P1 
220  CONTINUE 

PERFST  =  PERF(UST.AR5 
PERF2SPERF(USTAR2) 

AS S T  =  Ao S  (PER  FST) 

AB  S  2  =  ABS  (PERf 25 

USE  'BEST'  U  AND  RATE  LIMIT  TO  RLMAX 

IFLA6-TVAL 
UPAX  =UST  AR 
PERBlN-AbST 

1  F ( A  o S  T  .  6E  •  A  B S  2 5  60  TO  2  30 
UMAX  =  US  T  AR  2 
IFLA6=-I VAL 
PERM1N=ABS2 
23U  CON  T  I  NOE 

K0LL  =  (UN  AX -UUJ  *180. /PI 
IF(R0LL.GT. 160. 5  R OLL =RO LL-360 . 

1F(R0LL.LT. C-18U. 55  R OLL =R 0LL456 0. 

AR0LL=ABS(R0LL1 

WE  NOW  RATE-LIMIT  WHICHEVER  ANGLE  WE  GET  TO  RLMAX 
DEG  PER  SEC... 

IF(AR0LL  .LE. (RLMAX  STEP)  I  GO  TO  250 
KOLL=ROLl*RLMAX*STfcP/AkOLL 
I F ( A  ROLL  .LE. 175.5  60  TO  250 

ROLL  IS  ESSENTIALLY  A  COMPLETE  FLIP  -  USE  PLUS/MINUS 

RLMAX  INTO  PERF  FUNCTION  TO  CHECK  FOR  DES  •  WAY 
TO  MAKE  FLIPS 

I VAL*75 

UST  A  K  =U0  4 (RLHAX*STEP*PI/ 180.5 
IF(USTAR.GT.PI)  USTAR=USTAR-(2,0*PI5 
USTAR2  =  UL-(RLPAX 'STEP*PI /160.) 

IFtUSTARc.LE  .  (-PI 5  5  USTA  «2  =  US T A R 2* ( 2 .0 *PI 5 
60  TO  220 

23U  CONTINUE 

IFIPcRMI N.GE  .PERFN1  GO  TO  270 

perfm-permin 

J  N I N  =  L  AN  6 


A-ll 


181  RLH I N  =  kO  LL 

18*  PH  I  i£C  ,1  >=USTAR»  loO./PI 

183  Fll I SEC, 2)=P£RFST 

184  PL< 1 S  =  C, 3)=USTAR2 *180. /P  I 

188  PLU  SEC,  4)=PERF* 

186  FLU b5C, 8)=GX 

187  PLUSFC,6)=Gt 

188  PLUSEC,7)=6Z 

18V  FLU  SEC,  *6)  =  1  FLA6 

19u  PIU  SEC  ,  47)=S-<J«IN-1  > 

191  P"'AX  =  AfiAXl<PHAX,P£RFST,PcRF2) 

192  FPIN=«filMtPMN,P£RFST,PERF2> 

1 V  3  27U  CONTINUE 

194  280  CONTINUE 

198  c 

196  ROLL  =  RLW  IN 

197  UU  =  UuURCLL  *f  I/laO.) 

19a  IFIUO.GT.PI)  U'j=U0-(2.0*PI) 

19V  IFtUu.LE  .<-P:  ))  U0=U0*(2  .Q*P1) 

20U  C 

201  C  CALCULATE  THE  aEST  ACCELERATION  nJTHOUT  GUIDANCE  PLANE 

20  2  C 

2U3  ACCX  =  (lTO*COS(ALFAd)-D'J>  < < CO SG AN 'C 0 SS I  6  )  >- 

2U4  1  <  (Lo*  TU  >  S1NIALFAU  7)  «<  SI  N<  UO )  »  SI  f.G A*  *C  OS  <U0)» 

208  2  S INuA«»COSS  IG)  ) 

2U6  ACCT  =  ( (TU'COE  ( ALF AU) -DJ)  -  ( CO SG AN ' S 1  NS  I  6 > ) ♦ 

2U  7  1  <  tlu*  1U 'S  I  S  (ALFA'J)  J  ■  (  slN(UO)  »COSGA*-COS  CUO>  « 

208  2  S1VGAH*S1I.SIG)  ) 

2UV  ACCZ  =  <<T0*CO8<ALFAG)_DU)  •SINGAM)-(HO-G)* 

210  1  t CLu*1U>S lK(ALFAO) I -C CS GA K * C 0 S < UO > ) 

*.11  AN0Rh=SQK1CACCX  ACCX+ACC  T*  AC  C  T  ♦  A  CC  2  *AC'C  Z  i 

iW  C 

*13  C  STORE  PLOTTED  VARIABLES 

214  C 

218  PLUSECi  14)=NCRi11 

216  PLU  SEC  ,  19)  =  AN0RN7H0 

217  PL( I  SEC t 30)=GX1 

*18  PLU  SEC  ,  31  )=GY1 

*19  PLU  sEC,32)=G2l 

**o  plu  srt,  33)=;.osy* 

*21  PLU  jEC.  34  )  =  GX2 

22*  PLU  SEC,  iS)=GT2 

*23  PLUSEC,56)  =  GZ2 

*24  nORM  A»  =  A,'.AX  1  1N0RPI  AX  ,  NOR*  1,H0R"2) 

228  ANNA  a-ANAXI (ANHAX , AN  0  Rrt) 

*26  C 

2*7  *  V  0  CONTINUE 

*2s  IF(PrTED)  GO  TO  300 

*29  PRTED-.TRUE. 

23U  C01  =  CJ1«TAFTo»TFLAG 

*31  TCHG=TPR  INI 

232  ttRlTEf*,  310)  TPRINT 

253  «RITc(6,310)  TPRINT 

234  3 1 U  FORM ATC2X, 'START  MANEUVER  AT  T  =  *,F6.2) 

*38  CALL  BcLLli) 

236  C 

23  7  SPNA x=AH AX1 {PL(1 ,91 , PL(1  ,1  0) , PL  <  1 , 3 V >  ) 

*38  SPPIIn  =  A-1NUPL(1,9),PLU  ,  1  U)  ,  PL  (  1 , 39  )  ) 

23V  alf«ax=alfau 

*  4  U  ALFA  I  *1  =  A  L  F  A  0 


Z4  1 
242 
24  1 
244 
24) 
246 
24/ 
24B 
44V 
tSJ 
2)1 
2)2 
2)) 
2)4 
2)) 
2)6 
2)  / 
2)6 
2)  V 
260 
261 
262 
26) 
264 
26) 
266 
26/ 
266 
269 
2/0 
2/1 
2/2 
2/3 
2/4 
2/) 
2/6 
2// 
2/6 
</V 
260 
28  1 
262 
26  3 
284 
26) 
266 
26/ 
266 
26V 

2yo 

2  V 1 
2V2 
2V3 
2V4 
2V) 
2  V  6 
2  V  / 
2  V  6 
2  V  V 
3UU 


Z*AX=*rti  M  (XC  <3)  ,  X0(y)«x  C(  15)> 

ZPlNsArtAXl  (  X  L  (  3  )  i  X  u  (  V  X  ,  X  *.  (  1 5  )  ) 
APAX-XnAXl(XL(1),Xu(/),X,.(13)) 

XPIN  =  '»INl(XL(1),Xj(/),Xk.(13)> 
TfAI:»,U»HX0(i),X„(s),Xt(14)) 
|PlNs*NlNl(XU(2),XC(6),XCC14)) 

VP  AX =  VU 
VP1N=V0 
DNAX=DU 
0*1N*DO 
LOSM AX=0  .0 
C 

3  00  CONTINUE 

ACbA(ISEC)=UU*180./PI 
AC  L  F (IS£C)=LF 
ACTI (1SEC)=TPRINT 
AC  D  P  ( I  S  5  Cf 1 1-CMIS1 
ACDM(1SEC,2>=DMIS2 
C 

IF  (r.00  (  JJ  ,1CSTEP)  .Nc.  OJ  60  TO  4// 

•  RITE  (2,400)  TPRINT,  0P1S1,  D.H  S2 
» R 1 T  c  (6,400  TPRInT,  0M1S1,  DMS2 
400  FOR  P  A  T  OX.'TIRE  =  '  ,  F 1 0  .3 , 2 X , ' 0  SEP 1  *  ',612. 3, 2X  , 

1  'DSEP2  =  *,612.5) 

C 

4//  CONTINUE 

lF((V'J.Lt.VThO).OR.(Vl.LT.VTH1).OR.(V2.LT.VTH1)>  CO  TO  510 
.  1H0M5.LT.DTH)  60  TO  )20 
IFCTA.LT.3.U)  60  TO  480 
FLAG  1  =FL  AG)  .OR.  (DM  S  1  .6T.DUJ11) 

F  L  A  6  <  r  F  L  AG  2  .  OR  •  (  D  Ml  S  2  .GT  .DUP2) 

JF<FlA(,1  ■  AN  0  .  FLA  6  2  J  GO  TO  540 
48C  CONTINUE 

CALL  IhTbOX 
TA=TA«ST£P 
JJ-J J«1 

IFUSEC.6E.IU)  60  TO  530 
60  TO  IOC 
C 

)1C  CONTINUE 

•RITe  (2,515)  TPRInT 
. R I T  t  (6,515)  TPRINT 

51)  F0RP*T(1A,*«*  A/C  Oft  MISSILE  VEL •  IS  TOO  LOW 
1  'AT  TIKE:  '.F1U.3,'  »«',/) 

60  TO  6UC 
C 

C  HIT  OCCURRED,  PRINT  OUT 

52o  CONTINUE 

vRITfc(2, 525)  TPRINT, DUMl  ,DUM? 
uRITE(o,)2)l  TPRINT, DUM  ,CUN2 
525  FORP.ATU*,  HIT  AT  TINE  =  '.F10.3, 

1  '  /,5x,'PF.  ST  DSEPS  WERE  1:', 

2  615. 6,',  4  2:',a1)  .6,  /) 

60  TO  6UC 

C 

53C  CONTINUE 

6RIT  c(2, 535)  TPRINT 
■RlTc(6t)33)  TPRINT 

535  FORPaTOX, 'TIME  LIMIT  AT  T  *  ',F6.2> 

60  TO  6U0 


A- 13 


401 
4U2 
4U  4 

8'J4 

805 

iuo 

40/ 

iua 

4UV 

41U 

411 

412 
414 

414 

415 

416 

41  7 
818 
419 

42  U 

421 

422 
424 

424 

425 

426 
42  7 
428 
82V 
45  0 
441 
852 
444 

444 

445 

446 
44/ 
456 

44  V 
8  *•  6 

441 

442 
445 
544 
445 
546 
54  t 
546 

54  V 

55  U 

45  1 
452 
454 

454 

455 

456 
85  / 
45a 
45  V 
860 


C 

c 


c 


c 


c 


t 


CLOSURE  RATE  NEGATIVE  SOLUTION  --  PRINT  IT 
540  CONTINUE 

«RITt(2,54«.)  TPTIMfOUMl  ,DhIS1,0uN2,D*is2 
«R I T t <o,  544)  TPR1  M  ,  0U«1  ,Oftl  SI  ,  D  L'*2f  Of»IS2 
544  F0RHaT(3x,'-»*'  CLuSUKE  kA  T£  N  E  6  A  7  1  VE  AT  TIrtE  =  '.FIU.J, 

1  ' ■ *  «',/,5X,'TA1  :  oEST  OSEP  =  ',o15.6,',  NOV  =  ',615.6,/, 

2  5  X  ,  '  T  A  2  :  BEST  OSEP  =  ',615.6,'.  NO*  =  ',615.6,2) 

60  TO  6UL 

600  CONTINUE 

CALL  BELL(I) 


REACH, 655)  L061C 
IF(LOGIC.EQ.IEXIT)  RETURN 
NlU  =  6 

DO  62C  J  -1  ,  N  1 0 
JJJ=J*6 
KIC  =  J*12 
TEHP=XO( J) 

TfBP1=XU  (JJJ) 

TEMP*  =  XU  OC K. > 

1MJ.LT.5)  GO  TO  605 
1ENP=TtHP*180./Pl 
TEhPl=TSrP1  '18J  ./PI 
1EHP2=TEHP2*1S0./P1 
605  CONTINUE 

■  RITt(2,ElU)  J.TETr.JJJ,  IE  HP  1  ,  Alt ,  TEHP2 
•  wRITc(o,6lC)  J.TEKr  ,  JJJ,  TEHPI.KK  ,TEA!P2 
610  f OKK AT (2X,'Xu(', 1 1 ,') :  ',G14.4,4X, 

1  'X0<',12, '):  ',614.4, 4X, 

2  'XCl',12,'):  ,615.4) 

620  CONTINUE 


hRITE  12  ,625)  OE LX  1 , D ELT  1 , DE L7 1 , DN I S 1 , DUH1 
•  RITE  (6,625)  DELX1.DELT  l.OELZl  ,0NIS1,0UH1 
625  FCKr*T(/  ,  1  OX  ,'OELXI :  ' , G  12 .5 , 2X , 'D ELT 1 :  ',612.5,/, 

1  K'a.'D tLZI  :  ',612. 3  ,2X  ,'OHIS 1  :  ',612.4,/, 

2  10*, 'BEST  oris  was  ',612. 3) 

*«L  7  t  (2,64'-)  Sh  LX2, 0  ELY  t,  DELZ2,  »NIS4,  DU4.2 
.Rile  (6  ,650)  DELXcOELY  2.DELZ2.  DNIS2.0UH2 
650  FORf AT(/ ,1uX  ,'DELX2:  ' , G  12 . 4 , 2 X ,  'D E L T 2  :  ', 612.5,/, 

1  1 0  a , ' 0  ELZ  2  :  ',u12.5,eX  ,'0*152:  '.G12.5,/, 

2  IUa.'BcST  D!*1S  aaS  ',6  12.5) 

CALL  BE  L  L( 1 ) 

P£AD(1,645)  LOGIC 
1F(LuG1C  .EW.1EX1T)  RETURN 
IfCLwCIC  .Ew.lSUlK)  GO  TO  66U 
655  F0R"AT(A1J 


WRIT  2(6,631) 

651  FORHmT(IHI) 

DO  650  I S1 , 1 S EC 

IF(RG9(I  ,26)  .Ew.Ci)  CALL  jELLCD 
If (V 69(1  ,20)  .EQ.^)  R  C  AD  (  1,65  5)  LOGIC 
IF(L Joic  .Em.IEXIT)  RETURN 
If (LuGiC  .ES.1CUIK)  60  TO  66U 

■RITc(2,c36)  ACT1(1),ACSn(1),PL(I,«),PL(1,33) 

636  FOKPATOx.'T  1  E  '  ,  f  5 . 2 , 3  A, 'A  CB  A  ',  Ft  .  2 , 5  X,  'LF  1  C  ',F8.1, 
1  8  A , 'L  f 2C  ' , F8  « 1 ) 


.461 

462 

464 

4  64 

46  5 

466 

46  / 

466 

46V 

4/0 

6/1 

4/2 

4/4 

4/* 

4/6  C 

4/6 

i/7 

4/6 

4/V 

480  C 

481 

482 


6  6 C  CONTINUE 
660  CONTINUE 

DO  6  I  -1  *  I  SEC 

*RlTt(0,637)  ACTI (1) , ACL  M I) ,ACB At  1) ,PLt l.fc) ,PL<I ,38), 

1  pl<i,io),fl(i,i->,pl(i,ii),pl(i,2J), 

2  C  ACti*  (I  ,J  I  ,J  =  1  ,C>  ,FL(  1,4/) 

6  47  f08*»Ttm,'TI  »'E  -  JPF6  .2,iX,'ACLf  =  '.F5.1.3X, 

1  'ACoA ID  EG)  -  ',F8»2,4X,  L  F 1  C  ~  ,FSi1,3I, 

2  'LFcC  =  '  ,  F8.2 ,8X , 'no «M (A)  =  (,  1 1  .  2  ,  / ,  2QX , 

4  'NOnMt(O)  ~  ,011 *2, 3a,  ALPHA  -  ,Fo«2,4X, 

4  '  D°AG  =  ', 611,2, /»2uX  , '  OR  1 S 1  =  TACD  =  ', 

5  F  *  •< , 5X , ' DP1S2  =  T  A (2 )  =  ',FV.2,5X, 

6  ' L  AH9  DA  1  =  ',-2PF5.2, /) 

6/U  CONTINUE 

IDUN  =  CUT  IME  <U)-ICPUTN 
HRITfc(c,t3V)  IDUH 
«RITt(6,e3V)  IDUH 

63V  FORMAT ( 4 X , 'C PU  TIME  (SECONDS)  *  *,15,0PF5.0) 

RETURN 

END 


1  SUBROUTINE  1NT80X 

2  HEAL  "U,  If,  LO,  HI,  Lfl.  LI,  LP  AX  ,  L*IN,  HA  XL  f ,  NORKAX, 

3  1  LO  S" A  X  ,  LF2,  L2,  HVU,  nVI,  PV2 

A  logical  fried 

5  DIMENSION  XPL<13) 

0  CON*  ON  //IMP/  T'J.WL'SU  ,  ALF  AO,CLO,  0  'J,LO,F,MU,  COI  ,  CU2,  C  03  ,  - 

7  1  RHO,b£  TA.CLAFL,  SL,  D  Jl  ,  w'Ji.Kl  ,  C  LA  F  1  ,  S  1  ,  D1  1,  RL/.AX, 

6  2  Olt, THRESH, RiCll ,KKl 2,0  1ST, ALFA I.CLt, Dl ,L 1, ALhEAS 

V  3  ,P^,TA(j,TAFT3,TFLAG,i.232i  A  L  F  A  2  ,CL2,02« L2 

1U  COMMON  /  AS  k  A  Y  1  /  X  0  1 1  o  )  ,  X  cl  N  (  1 8  ) 

IT  COMMON  / FARM  1 /  JJ.xSTEP 

12  COhMCN  / FA  R  * .3 /  Nu,lU 

13  COMMON  /FARN4/  STEP 

1  A  COMMON  / FARRS/  MANUVR 

13  COMMON  /  F AH  H  V /  I  S  E  C  ,  D  K  I  S  1  ,  0M1  S  2  ,  PR  T  E  D 

16  COMMON  / CON  Tk  /  A C L f < 1 ju J  , A C3 A < 1 U L ) , AC T I  Cl U Q) , T CHS , L F , UO , H A  XL F 

1/  COMMON  / FL VR /  PL  Cl jU , 5 3 )  , PhA X , P r IN , Lrt A  X , LM IN , S PH A X , 

16  1  $P"IN  ,ALFHAX,ALF"!It,,NbRf.AX,Z',AX,ININ,V.NAX,VHlN, 

IV  2  0  rtAX  ,DM1N  ,  XMAX  ,XH  N,  T  fA  X,  T  f‘I  N  ,A(,NAX  .LOSrtAX 

20  COMMON  /."SL/  LF1  jUI  ,PSt1  ,THCTA1  ,  LF2 , 0  2  ,  P  S  Y  2  ,  T  H  ETA  2 

21  C 

22  EQUIVALENCE  (  G AN A , XU ( 3 ) )  ,  < S I GM A  ,  XO < 6 ) » 

23  EQUIVALENCE  CVU.XU CAJ ) , ( vl ,XL CIO )) , t V2 ,XOl 16) » 

2A  C 

23  C  FIRS!  CALCULATE  AIRCRAFT  DYNAMICS 

26  C 

2/  COSGA«=CCS <6Ar*A) 

28  SINGA"=S IN  (  6  A  M  A  ) 

2  V  COSS  IG  =  CCS (SIGMAJ 

3U  '  S1NS1G  =  SIN(S16.(A) 

31  C 

32  MVO=MO*VC 

33  TU=Cu1*C02>XL(3)ACU3«V0 

3 A  QUS0=9.5  •RH0*EXP(-oETA-XL<3JI *VO»VU*SO 

33  C 

36  C  LIMIT  ALFAd  TO  STALL  ANGLE,  AND  STORE  ALPHA  ACHIEVED 

37  C 

3  8  AL  F  A  u  -  AN  IN  1  <(MU'b«LF/<CLAFO»kOS'J))  ,  ALR  E  AS  ) 

3V  ACLF  «ISEC)  =  ALFAO  CLAFO  QhSC/<NO*G) 

Ad  SIN  A.  F  =  S  IN  (A  LFA'J  J  <  TO 

41  CLd  =  CLAFi.*ALFA'J 

42  aO  =  QoSU'  (0(J1«Du2  CLC-«2J 

43  LO3 C L1?  ■  Q  -S  U 

44  XpU<1)=VL*C0SGAh  COSSIG 

43  XPU<t)=VC*C0SC-AK.  SINS1G 

46  XP0«3)-VC'SINGAH 

4/  APd<  ,)  =  <  TU  •  CCS  CAlFAI'J -DO  J/NO  -  6-SINGAN 

46  XPJ(3)  =  <L0+S1NALF)  C  0  S  (U  «.)  /  <  N VU  J -6  -  C  05  G A B /  V  0 

4  V  XPG(o)=(LO*SIKALF)-SIN(Uu)/(hVu*COS&AP) 

30  C 

51  C  MISSILE  S  1  -  CALCULATE  DYNAMICS  AnD  CONTROLS 

52  C 

33  C0S6A-=CCS<XU<11)) 

54  SINGAN  =  S  IN (XL  <11  )  ) 

55  COSS IG=CCS (XLC12) ) 

56  SlNSiG-SIN(XL(12)) 

51  C 

58  MV1=Ml*V1 

59  Q1S1=9.5»RH0'EXP<-BETAvXl<9>)*V1*V1*S1 

6  U  ALFA1C=M1«G»LF1/(CLAF1-Q1S1) 


61 
61 
6  5 
O  4 
6  6 
66 
6  7 
6  6 

6  V 

7  0 
/I 
72 
7i 
t  4 

75 

76 

77 
7b 

7  V 
3C 
6  1 
32 

35 
34 
3  5 

36 

37 
83 

8  V 
VO 
VI 
V2 

V  3 

V  4  C 

v> 

V6 

V  7 
Vb 
VV  t 

1UU  c 
1U1  c 
102 
1  U  5 
1'J  4 

10  3 
106  C 
1U  7 

I  U  b  . 
10V 
110 
111 

113 

11  J 

114 

115 

116 

II  7 
113 
11V 
12U 


lFlJJ.t8.01  ALFA1=ALFA1C 

lF(TAU.G£.U.0CjU1)ALFA1=cXP<-STEh/TAU>»<ALFA1-ALFA1C) 

1F<TA»).LT.0.gCU'j1  )  ALFAl  =ALF  aic 

CL1=CLaF  i«alfai 

&1*«1S1*<D11*D12'CLl»»2) 

li=cli  a isi 

XPU(7)=V1*C0SGAM*C0SSIG 

XPG(c)-Vl»CCSGA3-SlNSI6 

XPUCV)— V1*S1NGAM 

XPO  C  1C)  =  -0l/M  -  G  SINGA* 

XPU(11)=L1 »CGS (U1)/(3V1)  -  G  *  CO  S  GAN /Vi 
APUC 12)=L1  -S IN <01 )/(MV1«  C0S6AS) 

XDl=X  3(1  )-X0  <  7) 

YD1  =  X'J  (2  )-X0  13) 

201=X0(3 )-X0  IV) 

XPD1=XPU (1 )- XPO ( 7 ) 

TP01  -  *  P  0  (2)-xP0<3) 

ZPD 1 =  XPU (3)- XPU(V) 

RR1=*Dl».2*ro1--7+Z01«-2 
RPXT 1-a01*-2*T01  *2 
SXT1  =  S(.RT(kR  XT1) 

PSY1=ATAN2(Zt1 ,RXY1) 

THE  T  *1 =A TAN2 (Y01 , XOl ) 

1HEDI1=<X01*TPD1-YD1<XPD1)/RRXY1 

!>YOT1=(RXY1‘ZPD1-ZDl>(XDl*XPD1*YDl-YP01)/RXY1)/RR1 

BTN0A,,=  (SYDTl*-2AThEDT1*"2)*»U.5 

ARGI-RAl  2*TbfcOT1/  ( «  X  1  1  *  S  YD  Tl  «  G  «  C  OSG  AM/ VI  ) 

U1  =  A1ANCARG1  ) 

•  TEST^AoS  (THEDT1) 

1FCTES1  ,GE.  1MRESM)  LFl* 

1  RK1  2-ThE0T1  *V1  «-CuSGA.A/  (6 -SIN (01)  ) 
lFCTtSl  ,LT.  THRESH)  Lf1=  ' 

1  (Rx.11  *SYDT1*G*C0SGAP/V  1)  -(Vl/(G*C0S(U1))  ) 

PLU  SEC,  C)=LF1 

LP  AX  =  *PiAXl  (LMAX.ABS(LFI)  ) 

LPlN=Ar,Ii,1  (LKIM.CLH)  ) 

LF1*a«ZN1<15.C,  AM  AX1C-15. O.LFD) 

P.ISS1LE  A  2  -  CALCULATE  dynamics  and  controls 

COSGA-=CCS (X0C17) ) 
iln& *"  =  S IN (X0(17)  ) 

COSS iG  =  C CS (X0(13)  ) 

5INS1G=S1N(X0<18)) 


mV  2  =r.  1  •  V2 

«2S2-'J.5*RHO-EXP(-oETA  Xl(1S))>V2«V2-S1 
ALFA«.C  =  11-*G'LF2/(CLAF1-QtS2) 

IF(JJ.EQ.O)  ALFA2=ALFA2C 

1F(TAU.GE.0.GC0U1 )ALFA2=cXP(-STEP/TAU) »( ALFA2-ALFA2C) 

I  F  (  T  AO.  L  7  .  U  .  O'.’CU  l  )  A L F A 2  -ALFA2C 

CL2=CLAF1pALFA2 

B2  =  Ct.<iE»  (Dll  ♦  C  1  2  •  C  L  2  »  ’2) 

L2=CC?  i»zS2 

XPU(  1  <)  =  V2  <  C  G$  GAri  •  COS  SIS 

*P'J(14)  =  V2  C0SGA3 -SINS1G 

XPO(  13)  =  V2 -S  lNGA.A 

XPU( 1t)=-02/«1  -  &  SJNGAA 

XPO(  1 7 ) =L?  'CCS(U2)/(.AVz)  -  G-C0SGA.A/V2 


ALFAl C 


ALFA2C 


121 
122 
12  3 
12  4 

125 

126 

12  7 
126 
12V 
130 

151 

152 
135 

134 

135 
156 

13  7 

136 
13V 

14  0 
14  1 
142 
145  C 

144 

145 

146 

14  7 
146  C 
14V  C 

1 5  U  C 

151 

152 

153 

154  C 

155  C 

156  C 
15  7 
156 

15  V 
1  6  L 
161 
162  C 

16  3 
16  4 
1  6  5 
166 
16  2 
16s  C 
16  V 

1  20 
121 

172  C 

173  C 

124  t 

125 

126 
12  2 
176 
12V 
16  0 


XPU(  1“)=L2>  S  1MU2  )/  (NVZ*C0SGAN) 

A02  =  x'JC1  )-XU(15) 
r02-*'-’(2 )-XC  (14) 
iD2  =  x'1(3)-X'J(15) 
xP02  =  *pm  11 )-XP2( 1 3) 

Y P02=XPU (2)-APu(l4) 

2  PD  2  =  XPU (3)-APbt1S) 

XR2  =  x?^ « -2  +  T02  »2*2D2««2 
i<RXYi  =  XC2*-'2*YD2'*2 
hXY2=S(.RT<«RXY2) 

PSY2-ATAn2(ZD2,RXY2) 

THET*2=A1At.2(YDZ,XD2) 

THEDT2=(XD2'YPD2-Y02*XPDi)/RRXY2 

SYOTc=<RXY2-ZP02-ZD2-(XO<.*XPD2aYG2.YPD2)/RXY2)/RR2 

DTN2  =  (SYtT2”2«ThEDT2*-2)*«0.5 

AR6  2  =  <?a12  «THtOT22  (hKlI’S  YD  T2  «G  *C  CSG  AM/ V2> 

U2=A1AN(ARG2) 

TES  T ->bS  (THE0T2) 
lMTcST  .Gc.  THRESH)  LF2  = 

1  RK12THEDT  fV2  »CGSGAh/  (G  *S 1N(U2) ) 

1  F  (  T  t  S  T  .LI.  THRESH)  LF2  = 

1  CRk11‘SYDT2+GC0S6AP/Vt)«(V2/<G*C0S(U2>>) 

PL ( 1 sEC, 38)=LF2 
L4AX-AKAX1  (LkAXtAbS(LF2)  ) 

LP1N=AM  Hi  (LM.N,  (LF2)  ) 
LFZ=A*IN1(15.0,AHAX1(-15.0,LF2)) 

00  INTEGRATION 

CO  100  1-1 , NO 
XCC)=XO«)  ♦  STEP-XPOCI) 

100  CONTINUE 

CALCULATE  GUIDANCE  PLANES  IN  SY-THETA  COORDINATES 

GSY1 =-TH EDT1 r£OS (PSY1 ) 

UTHl -SYDT1 

bSTN-SoRT((.SY1  *  ’  2*GTH1r*^} 

I F IG jTn .  oE . ( 1  .-) )  oSYI-GSYI/GSTN 
I  F(6ST.».«E  .  (  1  .J))  OT H  1  =G  1H1/GSTN 

GSY2=-TH  EDT 2 •  COS (PSY2) 

0Th2=$  YD  12 

oSTNiSaR1(USY2*2*GTH2'*2) 

1  f  <6ST«.  UE  .  <  1  .  J)  )  v.S  Y2  =  G  SY2/GSTN 
1F(6gTn. «E . ( 1  .U) )  uTH2=6  TH2/USTN 

ALAN =PL (  ISEC ,47)/  100. 

GSY=ALArt  GSY1*<  1-ALA.H)  •  G  sY  2 
UTh  =  »LA^  'GTH1*(1-ALAM)«G  1H2 

STORE  PLOTTED  VARIABLES 

SPENU-xU  (3)  ♦  0.5 • VO  -  VO/o 

SPcNl=xO<9)  ♦  G  .  5  V 1 • V 1 2  G 

SPcN  2  =X0  (15)  ♦  U.5-V2»V2/G 

PL ( I  SEC i V)=SPENU 

PL( I  SEC,  10)=SPEN1 

PL (  1  ..EC,  11)  =  AlFACm180. /PI 


131 

132 
la  3 
134 
13  1 
13  6 
18  7 
183 

18  V 
1  V  0 
iy  1 

19  2 
193 
1  V  4 

iy  i 
iy* 
197 
iya 
iy  v 
200 
4U1 
202 

203 

204 
201 
206 

207 

208 

209 

210 
*11  t 
*12 
-13 
*14 
*1  1 
216 

21  7 
*16 
219 
*  2  0 
*2  1 
*22 

22  3 
*2  4 
221 
226 
*2/  C 
*2  6 
22  V 


PLU  3EC,  12>=tAMA  •  loO./PI 
PL(I iFCf 13J=iIoKA  ■  ISO  ./P  I 
PH  1  3CC,  15>=XU<3) 

PL ( I j ct i 16)= VO 

PHI  lr  C  ,  17)=PST1  •  IcU • /PI 

PHI  3rt,  18)  =  1H2TA  1  130. /PI 

PLl I 3  EC , *0) =00 

PL( I jEC  , *1 )=XU(9J 

PH  I  aEC  ,  *2)  =  ACL1  i 

PLUaeC«23)=XU(7) 

PL< 1  if C , *4) =X0<2) 

PH  I  3EC  ,  *>J*Xl'U> 

P  L  <  I 3EC,*7)=ASPEC (ST011J 
PHI  3  c  C  »  *8)=A$PEC  (THE0T1  ) 

PHI  iEC»*9)=ASPEC  Col  NORM  J 
PL(1  ScCf  37)=ASPEC  (  D  T  .S  2  ) 

PL(I arC  ,  39)  =  SPEN2 

PL<  I  i!C , 40;=PST2 ' laO./P! 

PHI  SpCf4l)  =  1HETA2'  13U.7  FI 
PHI  iEC  t  42)=X0<1i  I 
PHI  1EC  ,  43  I -XL' (14  ) 

FLU  3?C,  44J=XOt11) 

PL  (  1  3  E  L  t  41) -ASPfcC  C  S  Y  0  T  * ) 
PLUSEC,46)=ASPECUH60T2J 
K(I  SEC  ,  48>  =  6Sri 
PH  I  *EC  ,  49)=bTH1 
PL(1 SEC, 10>=GST2 
PL<1 3EC, 11 J=bTH2 
PHI  3EC,  S2)=bST 
PLUSEC,  53I=&TH 

SPPAXSA4  4X1 <SP  1AX .SPENu,  3PEN1, SPENZ J 
SPM  INI  (SPAIN  f  S  P  E  NC  *  3  PEN  1«SP£N2) 
AlMAXsA.vAXI  (ALFmO  160./FI,ALFMAX) 
ALFMVs«UMULFaO>18L./U,ALFNIN> 
ibAXsihAXl  (ZKAX,XG  13J  ,X'J  IV  J  ,X0(1  5)) 

2P  IN- An  lf.1UhIN,XC<3),xO  <9  ),X0<15)J 
XPAX  s  V.A  *1  (  XP.?X,*H1  )  ,X0  17)  ,  X’J(1  i)  I 
X»1N  !*M.M  <XMN,X.  (1  J  'XU  <7J,  X'J<1  3)J 
TPAX  s  *  r.  A  A  1  {  Y  P  /  X  ,  X  0  (2)  **0  18)»XC(l4)) 
rMf:=‘nl  ;.1UM4,»U7)  ,*U  It  )  ,  «'J<  1  4)  ) 

V  .*  A  X  =  A II A  X 11  V  P.  a  X  ,  V  0  ) 

VM6-*.>IM  (V>*iIN,W0) 
uPAXsA.sAaKDUAX.OL) 
t*lN  =  Ini  a1  (DMN,  OU) 

L0SPaX  =  A.-AX1LL0S;iAa,ASPEC1DTA0R«),ASPECCDTN2)) 

AETUkN 

cNO 


A-19 


1  SUBROUTINE  PLOUTIIO) 

2  OlMEoSION  X  T  C  9  V )  ,  YT(Va),  ARAYI(VY),  ARAY2I90) 

3  NEAL  LnAX,  LNIN,  MAXLF,  ..ChMAX,  LOSMAX,  LOSXIN,  LF 

A  IMS/k  CUTInE 

b  LOGICAL  FRIED 

6  CCNMUN  /  FL  V  R  /  PLIIoU.ii)  ,PM»  ,P*lR,L-m  .LAIN  tSF»AI, 

/  1  SF**IS  ,ALFF.AX,ALFMN«NbRMAX,2PAX,  Z.i  I  N  ,  VM  AX  ,  VMN  , 

3  X  Dr.  «X  ,0  P  IN  ,  Xr  AX  ,  AM 1  S,  Y  ,•  A  X,  T*  I  N  ,  A  „  Y AX  ,  LOS  MA  X 

V  COBK-N  /  COM  k  /  AC  LF  <  1 ‘J.)  |AC9  A(  IJw  ,  A  C  T  I  (  1 U  0)  .  T  C  HG  .  L  F  •  UO  •  M  A  XL  f 

JU  COAPuN  /PARNc/  VTHo.VThl ,DTH,TSTtP,ICPUTB 

11  COBMbN  /FAKhV/  I  SE  C  I  on  S  1,  or.  1  S  2  ,  PR  TED 

1  2  C 

13  E  0  U  1  V  *  L  E  N  C  E  IXT(1),ACT1<a)),IYT(1),ACTUJ)) 

n  c 

lb  DATA  lEXIT/'X'/ 

IP  C 

1/  JSEC-ISE C-1 

10  AS  E  C -I S  E  C-2 

IV  IFlKSEC.LE.il  RETURN 

2  U  C 

21  lFCIO.cO.6)  ■RITE(2,11) 

22  11  FORMAT!'  TTPE  "X"  FOR  NO  PRINTED  6RAPHS') 

2  3  C 

2A  CALL  BtLL<1) 

2b  n  E  A  0  (1,1)  LOGIC 

2  6  I  f  (  L)  Gi  C  .EO.iEXJT)  RETURN 

2/  1  FORMaTCAI) 

20  C 

2  V  PVAX  =AnA  Xl  (PMAX  ,  AbS  (PMN  )> 

3U  PRIN=-PflAX 

31  APNIh=PBAX 

32  C 

33  CALL  XSFAEDCACmn.ACTI  1 1 SE C > , 'LI N ' , - 180. , IOC  .,'L1 N') 

3  A  IFUu.ES  .2)  CALL  V  0  T 

3b  CALL  POX 

36  CALL  PLARRYI 'F',XT,PL<2, x6), JSEC) 

St  CALL  PlAkRT  I  '*',XT  ,PL  U,  1)  ,  J  SECT 

33  CALL  PLAxRY I *2',XT ,PL It, 3) ,JSEC) 

3  V  CALL  pL A *R Y (  'L'i A T , PL <2,  -t) , JSE C  ) 

A  J  CALL  °L  A RR Y l 'U' , A C  1 1  , AC0 A, IS  EC  ) 

AT  CALL  G  R  A  r  M  I  '  »\  A  N  c  b  V  t  R  I  Nw  line  ^»13  i^dA^X  ANGLES  *  LAMBDA* 

A  2  1  ,  xU) 

A3  1F(I0.E9.2)  AEADII.I)  LOGIC 

AA  lFCLbGIC  .E«.  IEX1IJ  RETURN 

A  b  C 

A  6  lFIIb.EQ.5)  bR ITt (x  » 1 2) 

A  t  12  FORMAT  (  '  PLeASE  BE  PATItNT - 1"M  GOING  AS  FAST  AS  I  CAN') 

Ao  C 

AV  CALL  YSPREDI  ACTU1)  ,  ACTI  IISEC)  ,  'LIk',-10U.  ,100.,'LIN'J 

5  G  IFUb.tO  .2)  CALL  VOT 

b 1  call  pox 

52  CALL  PLAnRTC'U'.ACTI.ACBA.ISED 

53  CALL  GkAPHC' MANEUVERING  TIME', 16 ,'oANK  ANGLES', 11) 

bA  .F(Ib.cQ.Z)  kE  AD  1 1  ,  1 1  LOulC 

5b  1F(L0«IC  .£9 . 1EXIT)  RETURN 

56  C 

5/  CALL  TSPRED < ACTI < 1) , ACTI (I SE C) , 'LIN', ICO., 0. , 'LIN') 

50  IFIlb.tO  .2)  CALL  VDT 

5  V  CALL  POX 

60  CALL  PLA RRY ( 'L', XT ,PL(2, A7), JSEC  ) 


61  CALL  GkAFHC'f  ANEUVERINu  1 1  P.E  '  ,  1  6  ,  *L  A  MB  D  A  ' ,  6  J 

02  IFIIu.cQ.2)  REAOd.l)  LOulC 

63  JF (LOGIC  .E0.1EX1T)  RETURN 

64  C 

63  00  1=3,IS£C 

66  APAT  1  U )= ALS «PLCI  ,2) ) 

6/  ARAYa <1 ) =AoS  (PLll ,4) ) 

68  APM1h=aM1M  C APMlN , ARATl t 1) ,AkA »2 Cl ) ) 

6 V  6  L  CONTINUE 

n>  c 

7 1  CALL  SPR  eD  (ACTM1  >  ,ACH  (  1SEC  ), 'L1N',APM1N,PHAX  ,'LIN') 

72  IFUO.cC.?)  CALL  VOT 

73  CALL  POX 

74  CALL  PLAKRT ('*', YT , ARATl  ,KS£ C  ) 

7 3  CALL  “LAARY< '2', YT ,ARAY2  ,KSEC) 

7 6  CALL  GkAFH ( '> ANEUVcR I  No  T I  HE ' , 1 6  , ' AB S  PERFS',9) 

ft  1M10.EC.2)  rEADU.T)  LOgIC 

7 3  1 F (LOGIC  .EG.  1EXI T  )  RETURN 

?v  c 

8U  00  b u  1=2, 1SEC 

3  1  PL  (  I  ,  1  )=PL  (  I  ,1)  -1  .C.E3 

8  2  PLt 1  ,  !)  =  PL (  1  ,3)  *1  .UE3 

as  ACbA (!1=aCdA 1 1 J  '1  .0E3 

84  8  U  CONTINUE 

83  C 

80  CALL  SpRED < ACT1 C 1 ) ,AC TI ( iSEC ) , 'LIN' ,P*1N ,PNAX , 'LIN') 

a7  lFUO.tQ.2)  CALL  VOT 

86  CALL  “OX 

8V  CALL  PLA ARY < 'P', XT , PL <2 , t) , J SEC ) 

V  U  CALL  PLARRY  ( 'P XT ,PL (2 • 4)  , J SEC ) 

yl  CALL  PLAhRY(''',xT , PL  (2 ,  15  ,  J  S  E  C  ) 

V2  CALL  °L  * iF.R  Y  (  '2',  XT  i  P'_  <c  ,  3)  ,  J  SEC) 

y S  CALL  PLARRY ('U'.ACTI , AC8 A.ISEC) 

V  4  CALL  CRAPH  (  'U='JANX  U  S  E  0  ;  -  ,  2-b  A  N  K  C  ALC  "0  ;P  ,  R  =P  ER  F  S  '  ,  3  7  , 

93  T  ' a  ANK S  «  10JU  AND  PERFS',22) 

V  6  lMIu.cO.?)  KEAD(I.I)  LOGIC 

y?  I  F(LoGIC  .Ey  .  IEXI 1  )  return 

VO  C 

yy  oo  vw  l  =  2 , 1 S E C 

luo  PL  II, T)= PL (1,1)  1  .oE-3 

101  PLI 1 , <)=FL< I ,3)-1 .uE-i 

102  ACo A  l  U  =  ACcA  II  )  ' 1  .UE-J 

103  ‘-0  CONTINUE 
T  0  4  C 

10  3  CALL  EPR ED ( ALT! (1  )  ,AC Ti <  iSEC ) , 'L iN'.WPIN ,VMAX , *LIN') 

106  1FII0.E0.2)  CALL  VOT 

10?  CALL  ~uX 

108  CALL  "LARP Y< ' V', ACTI , PLC  1, 16 ) , 1 S EC ) 

Vjy  CALL  GrAPHI'PiA:,  EUVERINu  IIrtE',16  , 'AIRSPEED', 6) 

11L  1MK.l9.2I  kEAOCI.1)  LOgIC 

111  lFtLOCiC  .EQ.1EXIT)  RETURN 

112  C 

113  CALL  SPRED  (XMN.XyAX  , 'LI  n'.TNIN,  T«AX,"L1N') 

114  IFUo.tfl.2)  CALL  VOT 

113  CALL  “OX 

116  CALL  PLA hR Y (  '1 ', PL U  , 2 j)  ,PL<  1  ,  2 5 ) , JSEC ) 

117  CALL  PLA P RY < '2',PL(1 ,42)  ,PL(1 ,43  ), JSEC) 

116  CALL  PLA «R Y C  '  A' , PL ( 1  , 22 )  ,PL( 1 , 24  )  , J SEC  ) 

11V  CALL  GNAFHl'X-t  PROJECTICN  -  X',2U«'T',1) 

1 2U  1MK.K.2)  KEAOC  1,1)  LOGIC 


121 
122  £ 

12  3 

124 

125 

126 
12  2 
126 
12V 
130 

13  1 

132  C 

133 
13* 

135 

136 

13  2 
136 
13V 
14U 

141 

142  C 

143 

144 
143  C 
146 

14  2 
146 
14  V 
1  3  C 

151 

152 

153 

154 
153 
156  C 
152 
136 
13  V 
160 
16  1 
162 
163 
1d4 
163 
166  C 
16  2 
160 
16  V 

1  20 
121 
1  22 

123 

124 
123 
12o 
12/  C 
126 
12V 

iso 


IFCLU61C  .Ei.lEXIT)  RETURN 

(ALL  SF'VEDCXMIN.XKAX,  'LI  N',ZM1N,2MAX,'L1N') 

1FCIC.c3.2J  CALL  VDT 
CALL  PoX 

CALL  PlAARY  t '1', PL  Cl , 25)  ,PL(1,21)tJSEC) 

CALL  P L4ftR*('2',PLC1,4t)  ,  PL (1,44), JSEC) 

CALL  PLA*RYC'A',PL(1,Z2)  ,PL(1,15),JSEC) 

CALL  GA  A  PH  (  '  X -2  P  R  0  J  £  C  T  I  oN - X',20,'Z',1) 

iPdO.tQ.2J  REA0C1,1J  LOoIC 
lFCLoGIC  .E3.1EX1T)  RETURN 

CALL  SPReO  CTMN,YKAX,'LlN',ZhIN,ZKAX,'LIN') 

IFCIC.cO  .2)  CALL  VDT 
CALL  eox 

CALL  °L A  4R  Y  C'1',PLC1  ,  2  ^  )  ,  PL (1,21), JSEC) 

CALL  PLAhRYC  2',PH1,45),PL<1,44),jSeCJ 
CALL  PLAhRYC*',PLM,24),PL<1,1S),)SEC) 

CALL  OHAPHt'T-Z  PROJECTION  -  Y',20,'Z',1) 

1FCIC.EQ .2)  KEADC1.1J  LOGIC 
IFCLl&IC .EC.IEXIT)  return 

1FC10.EQ.6)  WRITE  (2,13) 

13  FORM  AT (  '  I  JUST  FINISHED  PROJECTIONS  —  HANG  IN  THERE') 
L0SM1N--L0SHAX 

CALL  SPRED(ACTI(1),ACTI(iSEC)t'L IN  '  ,  LOSM  J  N  ,L 0  S MAX  , 'LI  N  '  ) 
IFCIo.ce.2)  CALL  VDT 
CALL  POX 

CALL  PLA ARY < 'N', ACTI , PLC  1, 2V) , J SEC) 

CALL  PLAARY ( 'S'.ACTI ,PL( 1,27) .JSEC) 

CALL  PLARRYC'T',ACII,PL(1,2«),JSEC) 

CALL  G«<AFK('.*ANEUVEfiING  II  FiE  ' ,  1  6  ,'LOS  RATES  AND  NORNI',19) 
IFdO.Ea.2I  kEA5n,1)  LOuIC 
IFCLoGlC  .EQ.1EXIT)  RETURN 

CALL  SPREO CACTI U ),ACT1< 1 S EC > , ' L IN' , LO SHIN , LO S M AX , 'LI N ' ) 
IFdC.cQ  .2)  CALL  VDT 
CALL  PuX 

CALL  0L*  i-RT  ('*.  ',ACTI  ,PL<  1,37), JSEC) 

CALL  pe  A  r  R  Y (  'S'iACTI  ,PL(  1, 43 ) , J  S  tC) 

CALL  °LAnRY('T',ACTI ,PL( 1,w6),JSEC) 

CALL  Gk  AFHC'MANcUVcRl  NO  1 1  ,c£  '  ,  1  6  ,'L  OS  RATES  ANO  N0RM2',19) 
IFdo.tQ.2J  AFA0(1,1)  LOuIC 
IFCLoSIC  .Ew.IEXIT)  RETURN 

CALL  VSP"ED(ACT1 < 1 J , A  C  TI  (I  Sc CJ*' LIN ',-13  0., 180. ,'L IN') 
lFCIv.ea.2J  CALL  VuT 
CALL  POX 

CALL  PLARRYC'S',ACTI, PL <1,17), JSEC) 

CALL  PLArRYC'P'.ACTI , PL C  1,40), JSEC) 

CALL  °LAhRY('T',ACTI,PL<  1,18), JSEC) 

CALL  PLAKRYC'2', ACTI.PL (1,41), JSEC) 

CALL  APHC'MANEUVER  1NG  Tl  ME  '  ,  1  6  ,'N  A  V  ANGLES', 10) 
iFC10.tv.2J  nEAS(1,1)  LO  vil  C 
IFCLoSIC  .EU.1EXIT)  RETURN 

CALL  *SPRE0CaCTIC1),ACTI  Cl  SEC), 'LIN', -180. ,180., 'LIN') 
lFClo.tO.2)  CALL  VOT 
CALL  POX 


181  CALL  »L ARRY ('S', ACTI ,PL(  1,  13  )  , JSEC7 

1e2  CALL  PL  ARRY  <  '(  '  ,  A  C  1  I  ,  FL  (  1 ,  12  )  ,  J  S  £C  ) 

lei  CALL  SKAFHl'f AMfcuVcfilNb  II  HE  '  ,  1  6  ,* POS  I  TN  AN6LES',13> 

124  lFdb.c.C.2)  kEAO(1,1)  LOblC 

IBS  lMLLGlC.Ei.UXU)  RETURN 

138  C 

187  XFdb.fcQ.6)  WRXTEU.IAJ 

138  14  FORHATd  NEXT  ARE  THE  bU  ID  AN  C  E  PLANES  —  NOT  "OCH  MORE') 

lev  c 

iyu  CALL  XSPREB tXTU ) ,XTC JSE C> ,'LIN' ,-1 .0,1 .0, 'LIN'7 

1 V 1  lFdu.EQ.2)  CALL  VOT 

1 V  2  CALL  ?0X 

1VJ  CALL  PLASRY ( 'S',XT ,PL (2 , 52),  JSEC I 

ly  4  CALL  PLARRY ( 'T'.xT  ,PL(2,  33) , JSEC  ) 

1V5  call  GRAPH ('HAN EUVER INb  T I  ME ' , 1 6  ,'GU I D ANC E  PLANE', 14) 

1 V  8  lFdu.fcQ.2)  AEAD(1,17  LOolC 

1 V  7  lMLbfiiC  .Ew.lEXIT)  RETURN 

1  y  8  c 

ivy  CALL  XSPfiEO (XT(1) ,XT( JSE C) ,'LIN' ,-1 .0, 1 .U, 'LIN'> 

200  lf(IO.tQ.2)  CALLVOT 

2U1  CALL  a0X 

402  CALL  “LA RR Y ( 'S ',X T ,PL (2 , *8 ) , JSEC  ) 

203  CALL  PLA  RR  Y  ( 'T',XT  ,PL  (2,  «.y  )  ,  JSEC  ) 

204  CALL  GkAFH('1  ASEUVcRl.Nb  T 1  HE  '  ,  1  6  , '  6U I  0  AN  CE  PLAnE-1',161 

2  0  5  ifdb.te.2)  RE  AO  (1*17  LOolC 

4U6  IFCLoGIC  .Ei.IEXlT)  RETURN 

207  C 

206  CALL  XSPREO(XT(1),XT(JSEC),'LIN'.-1.0,1.0f'LlN'>  . 

20V  .  IMlo.EO  .2)  CALL  WOT 

4IO  CALL  90X 

211  CA  L  PLA RRY('S',XT,PL(2, 30), JSEC7 

212  CALv  PlAP.RY  {  *T',*T  ,PL  (2,  31  )  ,  JSEC  ) 

213  CALL  GRAFH('HAnEUVERIN(.  IIHE',16  ,'6UIDANCE  PLAnE-2',167 

214  C 

213  lF(10.cfl.2)  READ(I.I)  LObIC 

210  IF(LuGIC.EC.IEXIT)  RETURN 

<17  C 

t18  CALL  SPP  £0  (ACTId  ),ACTI(  ISEC)  ,'LIN',  L*dN  ,LMAX,'LIN'7 

21v  lFOC.fcU.27  CALL  VOT 

c2  U  CA.L  ?oX 

421  CALL  °LA  RRY  (  'I'.ACTl ,PL(  1,o) ,JSE  C) 

222  CALL  PLARRY ( '2', ACTX , PL(  1,36 ) , J S EC  ) 

423  CALL  PLAoRY (  'A  ',ACT1 ,ACLF,ISEC) 

4  2  A  CALL  G  n  A  f  H  (  '  h  A  N  E  U  V  c  R  I  Nb  II  i-.E  '  ,  1 6  ,'LOAD  FACTORS',  12) 

223  IFdo.cfl.27  R  E  AC (  1  ,  1  )  LOolC 

i2t  lFCLuGIC  .Eb.lEXXT)  RETURN 

4 2  7  C 

42c  CALL  SPR  ED  (  ACTI  (.1  )  ,ACT1(  ISEC  )  , 'L  IN',  ALFMIN  .ALPhAX  ,'L1N') 

4  2  y  XF(I0.c0.27  CALL  VOT 

430  CAUL  POX 

231  CALL  PLARRf C'A'.ACTI ,PL( 1,11 7,ISEC7 

232  CALL  ARAPH('hANEUVERXNS  II rt£ ' , 1 6  ,' AN„L E  OF  ATTACK', 157 

233  XFdb.Ea.27  READ  (1,1)  LOolC 

234  IMLvGXC  .E«.  1EXITJ  RETURN 

235  C 

436  CALL  SHRED ( ACT  I (1 ) ,AC Ti ( 1SEC ) , ' L IN ' , 0 " I N , 0 KA X , 'LIN'7 

237  IFdO.cO  .2)  CALL  VOT 

238  CALL  PuX 

23V  CALL  PLA RRY (  'C ' , ACTI ,PL(  1 , 20 ) , JS EC ) 

2  4  U  CALL  GKAPHC'HANEUVER  I‘.b  II  HE  ' ,  1  6  , '  0  R  A  G  '  ,  4  > 


A-23 


£<,1  IF(lC.cQ.2)  READ(1,1>  LOLIC 

<;*<!  1F(LGG1C  •Ew.lEXII)  RETURN 

24J  c 

<><,«,  CALL  RPR  20  CACTI (1 ) ,ACTI ( iSEC >,'LlN',SPhIN,SP«AA, 'LIN  ) 

cAi  1M  I  v  .cQ  .2  )  CALL  VDT 

cZO  CALL  cuX 

cW  CALL  PLA  RRT  <  'T',  ACTI  ,  PL  (  1,  10  )  •  1  ScC) 

CA6  CALL  "LARRY ( '2', ACT  I , PL( T.iV ) , I  SEC) 

24V  CALL  “LAnRV ('A', ACT  I ,PL(  1, V) .1SECJ 

£iu  CALL  Ca A  PH ( ' r ANEU V£R  1  M,  II  ME  '  •  1  6  S  PE  C  I  fl  C  E  N  E  RG1  E  S  '  •  1  7  ) 

Eil  lFClU.tQ.6)  bRlT2(2,15) 

ciZ  1 5  fOAHATC'  DONE  *!*!!!') 

25i  C 

tSA  I0UP=CUT  IMS (U)-ICPUTN 

*55  »R1 T t  (10  ,2 39  )  IDUM 

iiO  2  i  V  fORP.  ATC5X,  "CFO  TIKE  (SECONDS)  =  '.15) 

257  C 

2Se  RETURN 

25V  END 


1  SUb  8  OUT  I N£  £  t  LL (h  > 

i  1ST  E  bE  K  *  <i  A(10) 

i  DATA  A/1  E-ZEU'JO/ 

4  HJU  f OR v At ( 1 l ( b X  ,  A  1  )  ) 

i  f,=Hi  r*’'(N  ,iu) 

O  kR11  1(JU)  (A<l),I  =  1tN) 

/  RETURN 

a  END 
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1  fONCITON  ASPEC(VAL) 

Z  TEKP=VAL 

3  1MVAL.6T.1  .W)  T  i.  P  P  =  A  LOG  10  (  V  AL  ) 

A  If  (VAL.Ll.(-I.O))  TE  tiP=-  aLOG  iu  c  -  wal) 

i  ASPEl=TEPP 

6  RETUhN 

/  END 


P  R  0  6  *  *M  ACDTN 


1 

z  c 

3  C 

4  C 

5  C 

6  C 

7  C 

8  C 

9  C 
1C  C 

11  C 

12  C 

13  C 

14  C 

15  C 

1  6  C 
12  C 

18  C 

19  C 

2  C  C 

21  C 

22  C 

23  C 

24  C 

25  C 

26  C 

27  C 
2b  C 
29  C 

3  C  C 

31  C 

32  C 

33  C 

34  C 

35  C 

36  C 

37  C 
3c  C 
39  C 
4c  C 

4  1  C 

42  C 

43  C 

4  4  C 
43  C 
4a  C 
47  t 
4fc  C 
45  C 

5  C  C 

51  C 

52  C 

53  t 

54  C 

55  C 

56  C 

57  C 
56  C 
59  C 

6  C  C 


acoyn.52  —  myopic,  multiple  <t«o)  missiles 

USES  IM1.U,  Da  =  C.C  f'CR  CONTROLS  FOR  FIRST  STEP, 

THEN  FANEUVERS  TO  FAX  1  f I Z  t  ACCELERATION  NORMAL 
TO  THE  'GUJ0A,,Ct  PLANc'  FOR  SINGLE  MISSILE  CRITERION 

FOR  COMBINATION,  CHECK  ALL  POSSIcLE  ROLLS  (♦/-  6Q  DEG) 
Fc»  L»«L0A  OF  c  AND  1  ONLT  TO  FIND  THE  MAX(UC)  OF 
ThE  "IN(LAMciOA)  OF  : 

JlLAM8DA*ACCcL(D0T)G  1  )bk  C1-LAMBDA>ilACCEL(D0T)62)/ 

Vh'N  CNE  MISSILE  HAS  MISSED  THE  AIRCRAFT,  8ESIN 
TO  IGNORE  IT - I.E.,  SET  L  A  M8  0  A  TO  1  OR  0 

DEFIf.E  T  FR  c  A  T  ASSESSMENT  FOR  EACH  MISSILE  I  AS  A 
function  of  lambda;  i.e. 

1A1  (LA  ME  DA)  =  DMiSI(FINAL) 

IA2 (LAMBDA)  =  0MIS2(F1NAL) 

ALL  MANEUVERS  ROLL-RATE  LIMITED  (RLM.AX  DEGREES) 

WRITES  TC  THE  TERMINAL,  THEN  PRINTS 

RK  1 1  a  RK12  =  4.5 

STORAGE  FOR  UP  TO  100  ITERATIONS  AFTER  ONSET  OF  MANEUVER 

PLOT! CD  VARIABLES  ARE  - 

PL  <  ,1)  »  USTAR  (DEG  ) 

*L<,2>  =  PERFSTAH 
FL (  ,3  )  a  USTAR2  (DE  6) 

°L<,4)  =  PER  F2 
PL (.5)  =  »X  I 

°L  <  ,6 )  a  or  )  COMBINED  USING  LAMBDA 
Pc  C  , 7 )  =  uZ  ) 

PL(,E)  =  L  F 1  (COMMANDED) 

°l  ( ,9 )  =  specific  energy  (a/o 

PL  <  ,1  0  )  =  SP  .  EN  .  (FISSILE  1) 
eL(,11)  a  ALPHA  (A/C) 

PL  (  ,1  2  )  a  GAMrtA  (A/C) 
eL  <  1 1 3  )  =  SIGF.A  (A/C) 

Fl(,T4)  a  NORnl(G)  a  (GX1  *  «  i«  G  Y 1  *  * 2 *G  Z  1 «  *  2)  **0 .5 
nL  (  ,1 5  )  =  2  (A/C) 

PL  (  ,1 6  )  =  AIRSPEED  (A/C ) 

PL<»17)  =  S11  ( L • 0* S.  PITCH) 

PL  <,1e)  =  THETA1  (L.O.S.  YaR> 

rL  C  ,1 9)  a  NOHM(ACCEL)  =  ( A X  «*2 ♦ A T • *  2* AZ *  * i) * *0 . 5 
?L<  ,20)  a  ORAU  (A/C  ) 

PL  ( ,21)  =  Z  (MISSILE  1) 
rL  <  ,2  2  )  =  X  (A/C) 

PL  (  ,23  )  =  X  (MISSILE  1) 

°L  <  ,24  )  at  (A/C  ) 

Pc  (  ,2  5  )  a  V  (missile  1) 

PL<,2o)  a  I F  LAG  =  5  C,  ♦  FOR  USTAR,  -  FOR  UST  AR  2 
PL  (  ,2  7  )  a  si  DTI 
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1 

2 

3 

4 

5 
o 
7 
E 
9 

1C 
1  1 
1  2 

13 

14 

15 

16 
1  7 
1o 
19 
2C 
21 
22 

23 

24 

25 

26  C 

27 
23 

29  C 
3  C 

31  C 

32 

33 

34 

35 

36  C 

37 

3  v 
39 
9  ^ 

4  1 
92 
43 

4  4  C 

45  C 

46  C 
4  7 

4  c 

4  9 

5  C 
5  1 

52 

53 

54 

55 

56 
5  7 
5c 

59 

60 


SUBROUTINE  VALUE 
INTEo'k  LOn  (2), HIGH  (2) 

REAL  vo,  LF.  L2,  Ml,  Lrl,  LI,  NCnMl,  LMAX,  IMI.,  MAXLF, 

1  No'V.Ax,  LGSMAX,  LF2,  l2  ,  NORC.2,  L  A  u  D  A  1 ,  LAMCA2, 

2  N  9  R  h  5 

1 1 /. E .i 5 i 0 \  A  C  C*  (1  GG  ,2  ) 

LOo I C  -  L  FRTEL,  FLAol  ,  FLAG2 
INTEuEk  cutime 

COMMON  //"P/  T  J.oCSO  ,  ALF  aO,ClP«  0  C,  Lu,G,mC,  C01 ,  CC>2,  C03, 

1  RHu,  uE  1A  ,  CLAF.‘.f  SC  ,  D01  ,  i/?2,K1  tCLAF  1  ,S1  ,  01  1,  SL/.AX  , 

2  0lt,rh«ESH,FM1,«Kl2,G1S1tALFA1tCLl,0l,L1tALKEAS 

3  ,Pi,fAC,TAFTjtTFLAo,»2c2,ALFA2,CL2,f'2»L2 
COMMON  /FAH.tl/  J J  ,xS  T  EP 

COUPON  /  F  A  k  M  c /  VTHo,VTHl  ,0 TH , T$ T EP , I CPUTM 
COMMON  /FARMS/  NO , 10 
COMMON  /  F  A  K  X  4  /  STEP 
COMMON  /FARMS/  *1 A  NUV  R 

COMMwN  /FAkMV/  ISEC.OPIS  1.0M1S2  ,PRTED 
COMMON  //RRAY1/  XC  (1  i)  ,X  CIn(  IS) 

COM" ok  /  (OUTh  /  ACL F (ICO)  ,  A C3 A ( 1 0  _) , AC T  I  (  1 0  G)  , T  CHG , L F, UO , H A  XL F 
COMMON  /  FLV  R  /  PL(1oO,5o)  ,P.'AX,P“IN,LrtAXILMI.N,SF''AX, 

1  S  F-,iN  ,ALFr  AX  ,A  LFMIN.N  CRMAX  ,Z4  AX,  J.iIN  ,  VK  AX,  VMIN  , 

2  0  *  A  ,  £N  I  N  ,  X.r  A  A  ,  XX  I  N  ,  Y  F  A  X  ,  Y  *  I  N  ,  A.,M  A  <  ,L  OS  MA  X 
COM»o'J  /.'SL/  LF1  ,Ul  ,PSY  1  ,ThE  TA  1  ,LF2,U2,PSY  2.THETA2 
COMMON  /SI.NCUS/  TAoSiNtioO),  IAbCCS(360) 

EQUIVALENCE  (6AKA,aO(5))  ,  (SIGMA , >0(6) ) 

ECUI v«LENCE  <V0,XG(4)),(w1,X0(1C)),(v2,X0(16)) 

BATA  T  cS  IN  /  1  .C7  ,  lSXIT/'X'/,  IQIIK/'O'/ 

C0S6.*''  =  CCS  (GAFF.) 

singav*s  in (gapa) 

CCSS  IC  =  CCS  (S  1C-XA) 

SINS  I  G=S  IN (SIGMA) 

T  A  =0  .0 
JJ=0 

BUM  1 =1 .0  £10 
uU.  2  s’  .'I  c1o 

FLAG  ]-,FALSE« 

FLAG  c - . FALSE . 

L‘mDM-3.5 

FLAG(I)  INDICATES  THAI  MISSILE  I  ALREADY  GOT  Ah  AY 


1VC  CCNT^NO; 

I  F  (  F  L  >o1  )  LAF.0A1=sC.O 
IF( Fu  *o2  )  LAhCAl=1 .0 
L A(  DaT  =  1  .0-LAMOA1 
IVAL=5u 
TPR  I  N  T  * T  A 

vex  =v*  CCSGAK  COSSIG 

V  C  Y  s  V  °  r  C  CS  G A M  *SInSIG 
V02  =Vr  $  INGAM 

VlX  =  v1  CCSUCdD)  CCS(XC(12)) 

V  1 Y  =  V  1  CoS(XC(11))  SIN(Xo(12)) 

V  U  *v  1  S  IN  (X  0(11)) 

V2X=V2  >CCS (X  0  ( 1  7 )  )  C  CS (X C( 18 ) ) 
V2Y-V2  CCS  (X  o  (17  )  }  SIN(K(1!1) 


6  1 

62 

63 

64 

6  5 
66 
67 
66 
69 

7  C 

7  1 
74 

73 

74 

75 

76  C 

77 
7a 
75 

8  C 
8  1 
62 

83 

84 

85 

86 
37 
66 
85 

9  C  C 
9  1 

92 

93 
7* 

V  3 
96 
9  7 
Vt 
69 

1 0 
1  &  1 
1  02 


V  22  -v  2  S  JNCXCH7)) 

4REL*1=VtX-V1X 

4k£LT1=VCt-VlY 

*=VC2-V17 

4PcLl,=SoRT<VFiLXl  *2«VRcLYn*2<VRELZl**2> 
vRtL*'=VLX-V2X 
4REL  »7aVCT-V2Y 
4 R  cL  2  7  SV  CZ -V  2Z 

4RELl2-S»RT<VRELX2«*2'*VRtLY2«*245RELZ2**2) 

CELX  i  =  A J  (1 J-XC (7) 

CELT  1=42  «2)-*C(8> 

CEL 2  1=*7  (3 )-*C (9) 

u'lx<=*o  m-xo(ii) 

CeLY  <5*C  (2  )-xC  (1  4  J 
C2LZi=AG  »3)-XC(13) 

CUH  1  =  aM  I  *%1  (  D  6  f*  1  lOMSI  » 

CU.-.2  =  »hl  al  (DU-2  ,DI"1S2  ) 

D4jS1  =  6QhT(OtLXl‘,t'*OELYl*«240ELl1’»»2> 
tflSc^aanttCECA^  £■*  0  ELY  <*  '2*  BEL 12  **2) 

CSV  1  =r  .  5  .O.H1S1  /VkELTl 
CSV2*»«5  OMIS2/VREET2 
STEP  =  »i-.l6l  (T  ST  EP.DSV1  ,6  SV2) 

DMS  **nlh1  (OMSl  ,DhJS2) 
lf(JJ.uT.G)  MNUVR«1 
LF  =  1  .f1 
UlAS I -UO 
OO^C.T 

lF(M,NuVk.8E.1)  60  TO  30C 

uo=ol*st 

LF=**»LF 

iSEC*rSEC*1 

toX1  =  V  R  EL  T 1  *  D  ELZ 1  -  V RE LZ 1 « D EL Y 1 
ttTl  =  VSELZI  •  0  cLX  1  -  VRE LX 1'OELZ  1 

6Z1  =  VR  ELXl  •  OeLY  1  -  Vi»E  LY  1  *  0  EL  X  1 

N0RM1  =  SO  R  T  l  CXT  r  0X1  «  GYl-GYl  ♦  GZ1*GZl> 

<,X2  =  VRELT2  C  ELZ  2  -  VkEL72*UELY2 

UY2  =  4  Q  tL  Z  2  CELX2  -  VREIX2-CELZ2 

uZt  =  V 1  i  L  X  2  rELr;  -  V«ELY2-OrLX2 

NCk*t  =  SORT  <  C  *  2  GX2  ♦  GI2-GY2  «  GZ2*SZ2) 

i  F  (N  1  c  •  T  c  S  T  fe  <nNO  •»«0  «b  *•  •  T  t$  >  GO  TO  2CC 


,o„  c  ROSY.  TOO  S.8ALL,  HC  GUI&AnCE  PLANE,  00  NOTHING  YET 

10  5  C 

10c  L  f  *  A  C  L  f (iSEC-1) 


1 0  7  & C  To  2  c  C 

10c  C 

nv  2 cc  co,.t i v u e 
no  «x  i=oyi/rormi 

in  ovnuTi/soRMi 

112  oZ1=oZ1/N0RM 

tli  bT-SgT  4./K0AHZ 

114  toY2=O»c/i«0i<H2 

115  taZ2=w72/hORM2 

117  1  COt  f  ot  =G2l  -  COSCAM-GYl  'SI  K6AH  S  I  N' SIG-GX1  »S  J  NG  AH  -COSS  16 

Ua  CCEF*.T  =  CCEFAl  <LG«TU  SINUlFAQ)) 

11V  CCcFj1=£11  'C056A'i-6Xl*SlAGAM 

12C  COE  Fc1  =  CCEFG  V-  <Lo,«IO'  SIN  (ALFAC)J 


121  COE  F  (.’  =  <  (TL  C0S<«lM3)-0(.)'<bZ1*$lNGA*'*Gt1,COSG»M*SISSI& 

122  1  «u*1  < COSGAP 'CuS»  I&))  -  62  1 *H 0 *G 

123  C 

124  COE F AT =G 22  C OSGAN-faYZ  SI hGAN ■ S 1 N SI G -GX2 »SI N6 AP  C0SSI6 

125  CO£F*'  =  C(.E  fit  (LlhIO  SiN<ALFA31) 

12c  COE F =  G  12  ■  C G$GAi-»-oX l  •  51  AG  AH 

122  COEFc?-CCEFGc  ■  (  L  u  A  T  C  -  SIN  (ALFAC)I 

12a  COfcFC  t*  C  (T^  •  CCS  (ALf  A2)-0  _)  '  (6Z2«  SI N6A* AG Y 2  -  CO S b A* ‘S INS  1 6 

129  2  AbYi-COSGAF  COSSIG))  -  G22''«Q'G 

13C  C 

15  1  C  CHECfc  cVEPY  ANGLE  (BY  &E  bREc )  bllHlN  ♦/-  SLNAX 

132  C 

133  NSLK  - 1 

1 3  A  PRFP*Y=0.0 

133  1UU=(0u-130./PI)«1o0. 

13c  I F<!  b".G  1. 3C0)  IUC  =  IuC-3  CO 

137  lF(Ibr.Ll.t)  IUC  =  IUO ♦ 3  aO 

133  IROLL-kL.iAX  «STEP 

139  lCO<  !>  =  ILC-IhCLL 

ICC  lF(LbU(1 J.&E.1)  GO  TO  21 C 

U1  NSLK  -2 

142  L0.(1)=1 

143  LOb ( 4)-3  eC  ♦ IUC-IRCLL 

144  HIGH(2)=360 

145  21C  CONTINUE 

14c  MlbH ( 1)  =  1U0AIR0LL 

147  IF(H Jfh(1).LE.J6u)  GO  TO  220 

1 4  &  NELK-2 

149  HI6h(1)=lOGAlPOLL-360 

1 5  C  HIGH(?)  =  360 

151  LC-<t)=LCU  (1  ) 

152  LO  2 (  1 1-1 

153  22C  CONTINUE 

154  DO  2i?  I JK=1  t  N9LK 

155  ISTRT=LO.<  l  JO 

15C  IE..0  =KiGMI  JO 

157  DO  20'’  lcO=ISTHT,JEND 

15s  P  F  h  F  1-CCtFAl  TAOCCSUUo)  AC  OE  Fe  1  -  TAB  SI  N  (1  U0>  ♦  CO  EFC  1 

159  PShF<*cO£F»2  TAECGSOUw) «C0EF0  2  TAB  SIN < I UO ) A  CO EFC 2 

is  *.  i  =  * l.s  tp  :rf  i  i 

1C1  AES2  =  ’oS  IP  Eh  »  2  I 

162  IF<Fu'b1J  Ac  S1=A£,S2"  2  .0 

1 0  5  lFCFdod  A&s2=AUSW.b 

It  4  PF  F  >  ,\  i  A.'lNl  (  »J  S  1  tAG  S  2) 

1  o  5  1  F  (P  r» I  N.L  E  .RN  FiiAX)  GO  10  2  30 

160  !FLAu=iVAL 

167  i:'AY*!UO 

16  0  pPF.'*  r.  »-PkF«1S 

169  I  F ( A  c  S 1  •lE<AGS2)  GO  TO  2 sO 

1  7  C  lFLAb=-IVAL 

171  2  3  C  CONTINUE 

172  uC  =  FLCAT  (IrlAX-ld J)-PI/18C. 

173  C 

174  C  NOTE  ---  I  FLAG  IS  POSITIVE  FOR  L  APB  DA  =  1,  AND  NEGATIVE 

175  C  FbR  L  APS  DA  *  0 

176  C 

1/7  PL  (1  b-C  ,  2)  =PERF1 

176  PL(I icC, 4)=PERF2 

179  PL(1 SEC, 26 ) -  1  FLAG 

ISC  PI*AX  =A«Ax1  (PhAX  ,PE«F  1  ,PE  SF2) 


{PKIN,p£i,F1  tfE  »F2) 


18  1 
112  C 

18  3  C 
184  C 
1  e  5 
188 

1  o  7 
l:i 
189 
IV  C 

19  1 

192 

193 

194  C 

195  C 

196  C 

197 

198 

199 
20C 
c  0  1 
4.02 
403 
204 
405 

2  0c 

207 

208  C 

209 
2U 
211 
212 

213 

214 

215 

216 
4.1  7 
21c  C 


CALCULATE  THE  6  e  $  t  acceleration  WITHOUT  guidance  plane 

A  C  C  X  =  (  (  T  .  ‘COS  <ALFA„)-Du)  <COSGA«  COSSjG))- 
1  t  tu  ♦  IC  S  I‘  (AcFAC)  )  ■  (  ilNC  U?)  *  5INGAN4C0S  (UO)  * 

4  3iN«Ai‘»COiSIGi> 

ACCY  =  (  (Tv.  -COS  tALf  A„) -Du)  (C0SPA»-S1NSIG))« 

1  (  (  L  L  ♦  1 0  S  If  <ALfAO>  >  •  t  SlNCUO)  •  COSGArt-CCiS  <UC)» 

2  SiNuAfSlNSlG)) 

A  C  C  Z  *  (  (  T  O'COS  (ALIAu)  -  Do)  S  I N  G  A  p.  )  -  (n0"G)* 

1  ( (L**  TO  S 1*  (AlFAC) ) • C  CSGAK-CO  S(UG)> 

ANORr.  =  iQAT (ACCXACCX«ACCY»ACCY«ACCZ*ACCZ) 

STORE  PLOTTED  VARIABLES 

PL( I SeC , 14 ) =NCRM1 
PL( I jEC  ,  19)  =Af;0R  a/hO 
FL< I arC, 3C ) =6X1 
PL< I STC, 31 )=GY\ 

PL  1  I SEC, 32 )=GZl 
PL(I  JcC,33)=r.ORl82 
PL( I Sf C t 34  )  =6X2 
PL( I scC , 35 )=GY2 
P L  <  I  a  c  C  i  36  )  =  6  Z  2 

KCRH>-*  =  AfAX1(f.OAhAX,,«CR«1,KlORN2) 

ANrt  Ax  =AP  AX  1  (  ANKAX  ,  ANGRn) 

2 VC  CONTiNUE 

.  IFCFrTeD  I  GO  TO  3  CO 
PRTEgs.TRUE. 

CC1  =  C"1a  T»  FTb  *Tf LAG 
T  CHb  =TPR  INT 
•RITcTc.ilO)  TPRINT 
-PI T 2 f 0, 31C  )  TPRINT 

3 1 C  FORPaT  12 X, 'START  PANE  UVEA  AT  T  =  '.F6.2J 
CALL  "2  L  L ( 3  ) 


4IV  SP.<AXsm'.  AXl(PL(1t9),PL(1,1G>,PL<1,39>> 

42  .  8R -I  r.  =  «“  jNl  <PL  (1  ,9)  ,  FL(1  ,1C)  ,PL  (  1,39)) 


44'  1 

ALT'IAYaALFAC 

222 

A  L  f  P-  i  v  =  A  L  F  A  0 

42  3 

4vAX  =  ‘.il  t.1  (X  C  <3  )  ,  Xv-  (9  ) 

,x  v.(15)) 

424 

2  *  I  .\  =  A|-.  A  >  1  <  X  L  (3  )  ,  XL  (  ?  ) 

,  X  L  (  1  5  )  ) 

42  5 

•  'ilAll  (XL  <1  >  tXv,(7) 

,1.(13)) 

426 

**!►>  =  ’.-.I  1.1  (  X  L  (1  )  »  X  V.  {  7  ) 

,X  2(13)) 

42  7 

YPAX-i|.»Al(X4,(2),XrfC) 

,X .(14 )) 

228 

Y  -  I  N  =  n  I  a  1  <  X  L  (  2  )  ,  X  l  (  3  ) 

.MU)) 

429 

V'AX  =Vl 

430 

rrcvg 

23  1 

CF AX  =90 

232 

OPIN  =00 

233 

LCSNaX  =  C  .0 

434  C 

235 

3CC  CONTINUE 

23  0 

*CEA(IoEC)=>jC’1S0«/PZ 

237 

ACL  F ( !S  EC) =L  1 

2  3fc 

ACTI <ISEC)=TPRINT 

239 

A  C  D  ’  (  !  a  E  C  ,  1  )  =  r  !1 1 S  1 

4  4  C 

ACD>  (TSEC,4)=0AIS2 

A-32 


24  1  C 

442  IF  (,i-0  (Ji  .KSTiP  )  •  N  E  •  0)  60  TO  477 

443  (2,400  TPKINT,  cMlSI,  0 I  S  2 

iU  wRITc  (  6  , 4  0  C  )  TPKlr.T,  tMISI,  0  «  I  S  2 

i43  kOt  FOAVxT  (  5X,*T1.*E  =  *  ,  FIG  .3 ,2X,'0 5EP1  =  '.G12.3.2X, 

1 4  6  1  '"iEf?  =  ',012. 3) 

247  C 

c4a  477  CONT.VuE 

t4V  1F<  (u^.L  1.  VThD.UR  .  TV  1  .L  1.VTH1)  .OR  .(V2  .LT.VTH1))  60  TO  510 

4  Sc  1F(D..  7i.LT.CTH)  oO  TO  52  C 

^51  jF(T*.LT.3.Ci  GO  TO  48(j 

25  2  f LAO  1  =  f L *G1 . <0P1S l.bT.OUHl) 

t53  FLAG  c-FLAGe  .CR.TGP  ^  .6T  .DLN2) 

254  I  F  (  F  c  A  o  1  .AND.FL.Ati2)  GC  TC  54  0 

«;5  5  4BC  CONT,VUE 

25  c  CALL  I N  T  £0  X 

457  TA=TA«STIP 

25a  JJ=JJ«1 

2  5  4  1 F < I  SEC. CE . IU>  GO  TO  530 

46  C  60  TO  ICC 

26  1  C 

262  51C  CONTINUE 

46  3  »ElTt  (2,515)  TP  k  I  NT 

464  .PIT,  (6,515)  TPHli.T 

2*5  515  FORM  AT <1  A,'  A/C  OR  H1SSILE  VEL.  IS  TOO  LOW  ', 

460  1  'AT  Tl*i:  '.F10.3,'  *-',/) 

46  7  60  TO  o'JC 

46a  C 

cSV  C  HIT  OCCURRED,  PRINT  OUT 

4  7  C  5  2  C  CONTINUE 

271  tf  RI  T  :  (2  ,  52  S  )  TPRINT.OUnl  ,0UN2 

272  fePiTeTa,  52  5)  1  f-R  1  NT  ,  BUM  ,  D  UM* 

473  5  25  FOhPxTdA, "**»»■»  HIT  AT  TI«E  *  '.F10.3, 

474  1  '  5X  ,  'BEST  CSEPS  WERE  1:', 

275  2  G  15.6,',  X  2 : '  ,&1 5  .0,  /) 

4  7  0  60  TO  0  J  L 

4  7  7  C 

47  a  5  3k-  CONTI  VUE 

t Ti  «K;TL(2,i35)  TPRINT 

-A  I  T  ;  fc,  ,  :35  )  TPRI».T 

cal  535  FCa> at(  5a,'  Tlf a  LI«II  kT  T  =  ',Fo.2) 

4  a  4  GO  To  o'.'C 

4  a  3  C 

CT4  C  CLCSv'c  RATE  NEGATIVE  SOLUTION  --  PRINT  IT 

48a  54,  COi.Tr'uE 

cat  «PlT£(4,i44)  TPR  INT  ,0Ui.1  ,DMl  Si  ,  0  C’*2,OMIS2 

4  7  »B  I  T  i  T  5  ,  ;4  s  )  TPR  I  NT  ,  0  Ur.1  ,P  >1  S 1  ,  !> "  2  ,  D»  1 S  2 

4-c  544  FCh!  a  T  (  3  A  ,  '  •  C  LOS  U  Ac  aA  TE  NEGATIVE  AT  TIME  =  '  ,  F  1C  .  3  , 

46  V  1  '  5  X  , '  I A 1  :  oEST  OSEP  -  ',G15.o,',  F’uW  =  ,  G  1  5 . 6  ,  /  , 

4  V  ;  4  5  a  , ' T  A2  :  9.ST  USEF  =  ',615.6,',  NO*  =  ',015.6,7) 

4  9  1  (0  Tu  eCC 

.4 V  2  c 

493  6  CC  CONTINUE 

cV4  CALL  rtLLd) 

495  C 

2 V  6  REAG(1 ,625)  LOGIC 

cV7  IF(LwFlC  •  EG  .  1  E  X  J  T  )  RETURN 

4  9  0  N  1  u  =  c 

299  CO  64C  J=1, NIC 

3CC  JJJ=J«o 


301  XK=J«12 

302  TEKP=Xu(J) 

303  TEMP  1=xU <JJ J  ) 

304  TEHPc-xO  im  . 

305  If(J.tr.:i  60  10  605 

300  TEMP - Tc' f  1 1 6u  ./P  I 

307  TEiip  1  =  IEi*Pl '1?3  .>P1 

30c  TEflPc-TEMP2  -lEO./PI 

3'J4  605  CON  T  i*lu  E 

310  *RI  T  l  (c  «  cl  0  )  J  ,TE  fP,  J  JJ  t  1EMP1  ,U  ,TEMP2 

311  «RI Tc Co, clu)  J.Ttrr, JJj,  IEmPI.KK  ,TEMP2 

312  6 1 C  FORM.T  <2x,'XU<'.I1 .')  :  ',Gl3.«,4x, 

313  1  ,12,*):  '.C13.4.4X, 

31*  2  '  a  r  < ' , 12  «  '  ) :  ',613.4) 

315  6  2 C  CONTINUE 

316  C 

317  *R  1  T  c  <2  ,625  )  DELXI ,DELY  1.DELZ 1 , DMI 51 ,0U*1 

311  ■  P  I  T  c  (6,025  )  DElXI  ,0ELY1,DELZ1  ,SwIS1,DU(l1 

314  6  25  FORm aT (/ ,10X  ,  'DELXI:  ',G12.3,2x,'DELYl:  ',612.2,/, 

32  C  1  1C*,'0fl21:  ',o12 . 3  ,<X  ,'C* I  Si  :  ',612.3,/, 

321  2  ICx.'DEST  DMIS  W«S  ',612.3) 

322  »RITc  <2,430  D E  LX2  ,  D  £  LY  c,DEL72  ,  DM  1  S2.DUM2 

323  .  .Kite  <4  , 630)  D£  LX<! ,  D  ELY  2,  OE  LZ  2  ,  D*!  S2  ,  DUM2 

324  o  3  C  FORM aT </ ,1 2X  , 'DSLX2:  '  ,6  12  . 3 , 2 X , '0  EL Y 2  :  ',612.2,/, 

32  5  1  1C  *  ,  '  0  tLZ  2  :  '  ,  6  1c  .  3  ,2X  ,  'DM  S  2  :  ',612.3,/, 

326  c  ICx.'ecST  CPIS  NAS  ',612.3) 

327  CALL  FtLL(l) 

323  READ(1,635)  L06IC 

329  IF<L6 Cl  C  .60.  IEXIT)  RETURN 

33  C  .  I F <Lvfl c  .EQ  .  ICUlx)  60  TO  660 

331  o  3  5  FORMAT (A  1) 

i 32  C 

333  •RITc<6,<31) 

334  6  31  F0RM*T(1F1  ) 

335  CO  652  I  -1 , I S  EC 

336  IF<«v4(I  ,20)  .EU.J)  CALL  fcELLd) 

337  1  F (Ml  r  <  I  ,2u  )  .  Ea.u  )  READ<  1,635)  LOGIC 

336  IF(L vrI C  .£4 .  I  EXIT  )  RETURN 

339  IF(LvrIC  .Su.IGUIK)  GO  10  6&0 

3  4  l  »CI T  t<. ,  i3i  )  «CT  I  (I)  ,  AC6 *< I ) ,°L<  1,3) ,DL < 1 , 38 ) 

341  6  3C  fCrff.f (1 *i'l  1  :  ' , F 3 . c , 3  * , 'A C 9  A  ',  f C . 2 , 3X , 'L f  1  £  ' , F 3, 1 , 

34  2  1  7a,'LF2C  '  ,  F  2.  .  1  ) 

34  3  6  5  j  CONTiVUE 

34  4  06,  CCnTI’.’UE 

343  oo  er  i  -i  ,isec 

346  '.PI  T  t<L.  C37  )  ACTI  Cl)  ,ACL  F  Cl)  ,ACPA(I  )  ,PL<I,6)  ,PL<!  ,  33)  , 

34  7  1  PlC. ,  IP)  ,f t <1 t Tx) t Fl<  i.)1 ) , PI  U .2 3) , 

341  2  (.Cl  <I,J),J-1,t),rL<I,47) 

3  4  4  6  37  FORMAT  (1*,'Tl*'E  -  '  ,  2  FF  6  .2  , 3  X  ,  '  A  CL  E  =  ',F5.1,IX, 

3  5  C  1  'ACc»(C£G)  =  ',Fi.2,3x,  'LF1C  =  ',Fa.1,3X, 

351  2  'L«tC  =  ',F2.2  ,3X  ,  ' a  M  ( A  )  =  ',611.2,/, 20X, 

352  3  '.,C«A1(6)  =  ',G11.2,3X,'ALPHA  =  ',F6.2,iXt 

35  3  4  '  6  0  A  G  *  ',611. 2,/, 2  OX  ,  'DM!  I  SI  =  TA  (  1  )  =  ', 

354  5  F4  .2  ,  ix  ,'DMSc  =  T  A  <  2  )  =  ',F9.2,5x, 

355  6  '  L  *Mi  P  tA  1  =  '  ,-2  PF  5  .2  ,  /  ) 

35  6  6  7  C  CONTINUE 

35  7  C 

35a  IDUM^CUT  1ME(U)-ICPUTH 

J  5  9  .RITc<c,c39)  IOUM 

36  C  nRITc(c,63V)  IDUM 


I5.CPF5.C) 


id  634  fORNATUX.'CKJ  Tift  (SECt-NDS)  = 
3i  i  C 

i  i>  i  h  E  T  U  k  H 

j6<.  END 


PROG.M  ACDTN 


t 

2  C 

I  c 
<•  c 

j  c 
c  C 
7  c 
d  C 
9  C 
1U  £ 
T  1  C 
17  C 

13  C 

14  C 
13  C 
1o  C 
17  C 
16  C 

19  C 

20  c 

71  t 
77  C 
73  C 
24  C 

75  C 

76  C 
27  C 
26  C 
29  C 
JO  C 

31  C 

32  C 

33  C 

34  C 

35  C 

36  C 

37  C 
33  C 

39  C 

40  C 
4  1  C 
47  C 

43  C 

44  C 

45  C 

46  L 
4  7  t 
4d  C 

49  C 

50  C 

51  C 

52  C 

53  C 

54  C 

55  C 

56  C 

57  C 
56  C 

59  C 

60  C 


acdtn. 93 myopic,  multiple  (two)  missiles 

uStS  LF=1.J,  lA=J.j  FOR  CONTROLS  FOR  FIRST  STFP, 

Irt?<  'ANEUVERS  TO  9A*1r'lZt  ACCELERATION  IN  I  HE 

'./usance  plane'  a  ni  i -pkoport  ionall  t  to  the 

MISsIlE'S  GUIDANCE 

TOR  COMBINATION,  USE  00  LOOP  OF  LAMBDA'S,  I.E. 

L  Aul>  DA  =  U.Q  T  hkU  1.0  ar  U.J5,  AT  EACH  STEP, 

TO  FIND  THE  Mif.  (LA.-oDA)  OF  T  H  L  MAX(UO)  OF  : 

|(|_AKBDA  *ACCEL(OOT)GI>+((1-LAMBDA)»ACCEL(DQT)62)| 

Vri-.l  ONE  MISSILE  HAS  MISSEO  THE  AIRCRAFT,  BEGIN 
To  IGNORE  IT - I.E,,  SET  LAMBDA  TO  1  OR  0 

DEFINE  THREAT  ASSESSMENT  FOR  EACH  MISSILE  I  AS  A 
function  of. lambda;  i.e. 

TA1  (LAMBDA)  =  DHIS1CFINAL) 

TA7 (LAMBDA)  =  DMIS2(FINAL) 

ALL  MANEUVERS  ROLL-RATE  LIMITED  (RLMAX  DEGREES) 

.RITES  TO  THE  TERMINAL,  THEN  PRINTS 

RK11  =  RK 1  2  =  4.5 

STORAGE  FOR  UP  TO  10Q  ITERATIONS  AFTER  ONSET  Of  MANEUVER 

PLOTTEO  VARIABLES  ARE  — 

°L  (,1 )  =  USTAR  (DEG) 

PL  (  , 2 )  =  PERFSTAR 

PL ( , 3 )  =  USTAk2  (DEG) 
nL  (  ,  4  )  -  PE  S  F  2 

Pu  (  ,5  )  =  GX  ) 

"v_(,5)  -  ZT  )  C  O.-.l)  I  NO  USING  LAMBDA 

*n,n  -  g i  ) 

PL(,3)  -  LF1  (COMMANDED) 

°l(,/>  =  SPLC1FIC  ENERGY  (A /C  > 

"(-(,10)  =  SP.  Eil.  (hIsSILE  1) 

’L  (,1 1  )  =  ALPHA  (A/C) 

"L ( ,1 2 )  =  GAMMA  (A/C) 

"(.(,13)  =  SiG-.A  (A/C) 

’l  ( ,14)  =  Ho, .11(G)  =  (GX1*»2*GY1»»7*Gi1»*  t)**0.5 
PL  (,1 5)  =  Z  (A/C  ) 

PL(,l6)  =  AIRSPEED  CA/C) 

DL ( , 1 7  )  =  ST1  (L.U.S.  PITCH) 
pL(,1d>  =  THETA1  (L.O.S.  YA.) 

nL  (  ,  1  9  )  =  NUR.KACCEl)  =  (AX  *  *  2  ♦  A  Y*  *  2  ♦  AI »  *  t  >  •  *0  .5 
pc ( »  20  )  =  ORA.  (A/C) 

°C  (,21  )  =  7  (MISSILE  1) 

PL  (  .22  )  =  X  (A/C. 

PL  (,23  )  =  X  (MISSILE  1) 
rL  (  «  24  )  =  Y  (A/C) 

PL(,75)  =  Y  (MISSILE  1) 

PL  ( ,2 6  )  =  IFLAG  =  50,  ♦  FOR  USTAR,  -  FOR  USX  AR  2 


A- 36 


6  1 

C 

°L(, 27) 

= 

SYO  f  1 

62 

C 

Pl(,2l) 

a 

THE3T1 

63 

C 

°i.  c  ,  ?  i  ) 

= 

MOR.il  (LoSuOT)  = 

6  4 

c 

Put, 30) 

= 

GX 1  ) 

65 

C 

Pu  C,it  ) 

GYt  )  MISSILE 

6  o 

C 

PL (  ,  32  ) 

- 

GX  1  ) 

6  7 

C 

P..  (,3i  ) 

r 

MOR.N2 

6  3 

c 

PL (  ,3m  ) 

c 

GX2  ) 

69 

c 

pl  (  ,  3  5  > 

- 

GF2  1  NISSILE 

70 

C 

aL  C  ,3  6  ) 

= 

G22  ) 

/I 

c 

Pl (,3  7) 

- 

NOAM?<L0S-!>0T) 

72 

c 

°L  < , 3  o  ) 

LF2C 

73 

c 

Pl  <  ,  3  9  ) 

SP.  EM.  (MISSILE 

74 

c 

"L C ,40  ) 

SY2  (LOS  PITCH) 

75 

c 

PL  <,41  ) 

r 

TH6TA2  (LOS  YAU) 

76 

c 

PL  C ,42  ) 

r 

X  (MISSILE  2) 

77 

c 

nL  <  ,  4  3  ) 

- 

Y  (MISSILE  2) 

76 

C 

PL  <,44  > 

- 

2  (MISSILE  2) 

79 

c 

nL  <  ,  4  5  > 

S  Y0T2 

SO 

c 

pl  <  .4  6 ) 

= 

PH  E  GT  2 

3  1 

c 

<  ,  4  7  ) 

= 

la/oai  «  100. 

82 

c 

Pl  <  ,  4  o  ) 

= 

GSY1 

3  3 

c 

PL  (,49) 

= 

GThI 

34 

c 

PL  <  ,50  ) 

= 

6SY2 

35 

c 

PL  (,S1  > 

GT  m2 

36 

c 

“L  <  ,  52  ) 

- 

GSY  ) 

37 

c 

pl  <, 53  > 

= 

GTH  )  C  0H3 1 NED 

89 
9  0 
VI 
92 
9  3 

VI,  c 
95 
9c 
97 
9a 
9  5 
IOC 

101  c 

1  3  2 
10  J 
1  04 
10  5 
I'Jo 
10/  C 
10c 
1  3  v 
11U 
1  1  1 
112 
110 

114 

115 
lie. 


SEAL*"  SIRING, SOATt 
INTEGER  CUTIHE 
LOGICAL  PRTEil.LONCE 
COSMOS'  /  P  A  K  'A  7  /  LdNCE 

COMMON  /PARH  9/  I S t C . D Ml S 1  , CM l S2 , PR  TED 

IDlM  =COT  I"t  (0) 
call  U  'tOC  (STRING) 

CALL  5ATE(SDATE) 

•  flTtf  J.641  S  C  A  T  l  ,  STRING 
60  fOKMATlISX,  40  <"•')»"  AC0YN.93 
1  5  lX,Ao,2X  f  A  v  f /  ,  1  H  1  ) 

LON  C  t  =  • FALSE* 

999  CALL  1  *  I F 
CALL  VALUE 
CALL  °L0UT<2) 

C*LL  PL0UTC6) 

«91Tc(ti 100 ) 

ICo  FOS.-.*TC"  C.TeR  0  TO  STOP,  1  TO  R  21 N I  T  l  AL  1 1  E  ,  2 

1  'fO*  NO  I*IT  PRINT") 

CALL  3ELL<1) 

REACH, 110)  ISEC 
1  10  FO-"*  AT  U  1  ) 

IFCIiEC.., E.C)  GO  TO  999 

STOP 

EN5 


1  SUdROUlINE  VALUE 

2  SEAL  MJ,  LF,  Ld,  « 1  ,  ifl,  LI,  NOt.Nl,  LMAX,  L«IN,  XIAXLF, 

3  1  Ho’ilAX,  LOS'.AX,  LF2,  l2  ,  NO arc,  LAHUA1,  LAN&A2, 

4  2  NU’MG 

5  DINE  lUO’i  A  C  J  '  d  JO  ,2  ) 

c>  LCbU»L  pare*,  flagi,  flaG2 

7  l^IEo^R  cur  I  .A  £ 

d  COMPoN  /  AN  P  /  7 'J  *  9  C  G  d  ,  A  L  F  A  0  ,  C  L  0 ,  D  d  ,  L  0 ,  G  ,  M  C  ,  C01,C02,C03, 

9  1  kHo.oEIA  ,CLA  F  J  ,Sv/,DJ1  ,u02,Hl  ,C  LAF  1  ,  SI  ,D1  1,  RLKAX, 

1C  £  01 >,I MSESH  ,R*.1 1  ,«K12,31 SI, ALFA  1, CLl ,Dt ,L 1. ALKEAS 

11  3  ,  PI  ,1  AH,  TA  FTb  ,r  FlAL  ,625?,  ALf  42  ,CL2.t>2  ,L2 

12  COP.nON  /  P  A  K  7.  1  /  JJ,ASTEr 

13  C0.1MGN  /PA«l*t/  VI  HIJ  ,  VTrtl  ,  0  TH  ,  TSTtP,  ICPUTH 

14  CC,N.’10*I  /PA  RM  3 /  Id.iO 

15  C0rt“OM  /PASH,/  STEP 

1 6  CONfVJN  7PARH5/  HALUV8 

17  CONMUM  /TASK//  ISE  .  ,D  HI  SI  ,  DM  I  S2  ,  PRTED 

It  COftHuN  /  AR  K  A  Y  1  /  A  Cl  (1  3  >  ,X  u  I  N(  1  3  > 

19  CuMKdN  /CONIk/  A  C  L  F  (  1  Go  )  ,  A  CB  n  <  1  C  i  )  ,  A  C  T  1  (  1  0  0)  ,  T  CHG  ,  L  F,  UO  .  N  A  XL  F 

20  COHSON  /PL  V  R  /  PLC  1  LO  ,  53  )  ,  P.'iA  X  ,  pH  I  9  ,  Lrt  *  X  ,L  N  1 N  «  S  P.NAX  , 

21  1  S  ,AL  FMA  A  ,A  LF  HI  U  ,9  J  RhAX  ,2MAX,  2.U  N,  VHAX»VNIN, 

22  e.  On«A,  BMIN  ,X.‘Aa  ,aNIN,YHAa,  YNIN  ,  ANH A  X  ,LOS .NA  X 

23  CONHUP  /k.SL  /  LF 1 ,L 1 ,PS r 1 , THE TA 1 c LF2 ,U2 ,PS Y 2, THETA2, 

24  1  S  YPT  1  ,THE0T1  ,S  Yl)T2  ,IHE0  T2 

25  C 

26  E3UI VAlEsCE  CCA’A  ,Xu I  5) ) , < SI5NA , XOC6> ) 

27  EQUIVALENCE  IVU  ,  AO  C4  )>  ,  (  V  1  ,X 0  (  1  0  )  >  »  <  V2  ,  XO (  16 )  > 

2  S  C 

29  DATA  TtSTN  /I.OE-Uo/,  1EXIT I't'l,  13UIK./'Q'/ 

30  C 

3  1  PEKF  CJI  =  COtFA»COS  CU)  «-COEFB  *$i:KU)*COEFC 

32  C 

33  CQ56A*sCGSlG  AN  A  ) 

34  SIMGAH=S IN C6AHA> 

35  COSS  IG  =  COS  LS  IG.NA  ) 

36  iINSlP=SINISlGMA) 

3/  COSS Y1 =CGS CPSY1 > 

3a  CCiS r2=CUS CPST2) 

39  COSTrf1=CuS (TnETAl » 

40  C0STo2-CoS  (Tt.ETA2  ) 

.  1  »I <5  1 1 =S  IN  (PSY1 ) 

42  SINS  * ?*S IN CPSY2) 

4  3  jIM  ht=S  IIJ  (1  b£  IA1  I 

4  4  S  I.VTn?  =  S  IN  (T  tiETA2  J 

4  5  C 

4  6  I  A  -0  .0 

4  /  j  I  =C 

4,.  .tUI  1  =1  .  J  tl  J 

4  V  LOH  2-1.  OLIO 

5  C  FLAG  1-. FALSE. 

51  FLAG  i.-.  FALSE. 

52  L  AN  D  Al  =0 . 5 

53  C 

54  C  FLAG  ( I  )  INDICATES  I  HA  T  NISSILE  I  ALREADY  GOT  Ah  AT 

55  C 

56  100  CONTINUE 

5/  1FCFL’«1)  LA*DA1=0.0 

5  o  IFCFLAtf?)  LA.irA1=1.0 

59  L  AA  D  A2 - 1 .0 -LAN DA  t 

6  C  1VAL-50 


6  1 
£>  2 
6  5 
6  4 
65 
6  o 
67 

6  o 

69 
7G 

7  1 
72 
75 
7  <• 

75 

70 
77 

76 
79 
30 
6  1 
5  2 
35 

34 

35  C 
Si 
87 
38 

89 

90 
9  1 

92 

93 

94 

95 

96 

97 
9  c 

94  C 

ioc 

10  1 

10c 

105 
1  04 

105 

106 
107 
10c 
10  4 
1  1  'J 
1  1  1 
112  C 
1  13  t 
114  C 
1  1  5 
116 

117  C 

118  200 

119 

120 


TPR  I  JiT  =  T  A 

VOX  =  vO*COS6AM*COSSIS 
vCT  =  «CoS  6A.H*S  I.»S  16 
40Z  =40  »S  INGA* 

wi«=vi*CoS(Xc(ii))*castxo(l2)) 
viY^wi*co<:(xw(ii))*sis(xu(i2)) 
v 12  =vi *s in (x  j (1 1 ) ) 

42Xs4?*C0S(XU(17))»CQS(Xo(13)) 

4  2Y  =4 ’•COS  (X  0  Cl  7)  )*S  INCXuC 13)) 

42Zs42»SIN(XL{17)) 

4  3  EL  a1 -VOX-V 1 X 
VRtl.Yl=VCY-V1Y 
V  R  t  L  Z  1  -  V  CZ  —  V  1 1 

vRtLTI-SORT  (VR£LA1a*24VR£LY1**24VRELZ1**2) 

trREL  a?=VUX-V2X 

VRELT2=VGT-V2Y 

VRELZ2-V3Z-V2Z 

4RELI2=SURr(4RELX2**244RtLY2*»24VRELZ2**2) 

OELX  1  -A  0 (1 )-X0  C 7 > 

DECT  1^x0 <2)-X0C8) 

GELZ  1=aO(5)-xO(9) 

OE  L  X  c  r  A  0 Cl  )-XC  (13) 

CELT c=XO (21-XO ( 1 4  > 

GELZc^aO  (3 )-xO  (15) 

0UP  1-4.41I.1C0UP.1,0M1S1> 

GUM  2  -»  AIOl  CO  01*2  »0  SIS  2) 

0  H I  5  1  ~  j  Q  R  T  (0ELXl»*cA0£LY1**?-f0£tZl**2) 
tPISc-SQKTCOELX2**i*OELY2**2»DELZ2*»2> 

05 V  1  -0.  5*D.1IS1/VRELT1 
OSv2-0»5*D3IS?/4rELT2 
STEP  =  <M,V1  (TSTEP.DSVI  ,0  3  42) 

0315  =«,iU1  (Ort  IS1  ,0hIS2) 

IfCj)  .uT.O)  rlA;,U4»  =  1 
L  F  =  1  •  0 
ULAS  T-UQ 
o0=0  •  0 

IFCMnNuVR.UE.I)  GO  TO  300 

UO=UL'ST 
uf  =P  AXL  F 
lStC-IiEC»1 

0X1  c  -<3Yi/T  l*S1.4SYl*CcSril1  ♦  TH  20  TWOSSY  1*S  INTH1) 
6Y1  =  THcCII  *CoSGYl*C  Os  Trf  1  -  S  Y  0  1 1  *  SIM  S  Y  1  *  S I  N  T  M 1 

GZ 1  =  j  Y  OT 1*  CCSS  1 1 

NORI'  1  =  GQKT  ( GX  1  *  GX 1  ♦  G  Y  1  *  G  Y  1  +  GZ1*GZl) 

GX  2  -  -  (  G  Y  D  T  c  *  S  1 .4  E  Y2*  C05TH2  *  TH  t  D  T2*CCSSY2»SINTH?) 

GY  2  -  1  ilcOTZ  *CwS  jYc«COS  T  «•  2  -  S  Y  0  12  *  S  IM  S  Yi.  *  S  I U  T  h  2 
GZ2  -  sYOTz*  C0SSY2 

UO«Ki  =  SQnT <GX2«Ga2  ♦  GY2»GY2  ♦  GZZ'GZZ) 

IFCNGRrtl .GE. r ESI  4. AND .NOkMZ.GE .TESTN)  GO  TO  200 

»ORM  TOO  SHALL,  HO  GU10A.NCt  PLANE,  00  NOTHING  YET 

LF=ACLFC1SEC-1) 

GO  To  2  9 J 

CONTINUE 

GX 1 =uX 1 /NORM  1 

uT1=i»Y1/  t»ORM  1 


12  1  6Z1=jZ1/NQRMt 

122  uX2=G*t /.N0fcrt2 

121  GY2=jY2/nORM2 

12  4  GZ2=u7c/SORM2 

125  P  E  k  f.i-l  .  u  E  2  0 

126  C 

12  7  00  2  ?•>  LA* j=1  ,21 

12*  c<HD*1=FL0AT  (LAMd-l)/20. 

12y  L  Ar,  P  *’  =  1  .0-LA  PDA  1 

110  IF  t  FlAjI  .AND.  (LA.iS.G  T  .1)  )  GO  TO  230 

111  lFtFcAj2.ASO.tLA.ib.LT.21))  GO  TO  270 

112  C 

115  GX=LAMGA1«GX1 «LArtOA2*GX2 

13A  GT  =L  A''0  A1  »GY  1  «LAi',0A2*6Y2 

115  GZ=LA-*«Al*GZ1*LA,Ai)A2»GZ2 

136  C 

117  COE  F  A  =  GZ  »COSGA;i-GY*S  INSAM*SI.nSIG  -6  X*S I NG Afl  *C 0 S  SIG 

lit  C0EFA  =  l0t  FA  »  CLC  +  T0*S INCALFAQ)) 

13V  C0eFu  =  GY*C0SGA2.-GX*S  l,\oAH 

1  4  C  C0cfo  =  C0c.Fl!  *  CL  u ♦ TC  *S  InCALFAO  )  ) 

141  COE FC=( (TO* CO' (ALFAO)-OO ) * < G Z ‘ 5 1 NG AM *G Y» CO SG AM  * S I N S 16 

142  1  ♦oX»CGSGAPl*C05SlG))  -  GZ*M0*6 

143  C 

144  uST  AR  =  AT  AN  2  (CCEFd  ,  C  00  F  A  ) 

145  GSTAr?=USTAR«PI 

146  lFCUSTAR.GT.G.C)  US  T  A  R2  =  U  S  TA  R -PI 

14  7  2  2U  CONTINUE 

146  HERFaT=PERF<USTAR) 

149  P£,iFt=PERF  CUS1AR2  ) 

15  0  .  AEST=A  jS  (PERFST) 

151  ABS2-AjS  CP  tR  F2) 

152  C 

153  C  USE  'TEST'  U  AND  RATE  LIMIT  TO  RLKAX 

154  C 

155  IFLAG=IVAL 

156  U* AX  =US T  AR 

157  PERN1N=AJST 

156  IF C  A  c  S  T .uE.AUSc)  GO  TO  230 

15V  U»AX=0STAR2 

16c  1FLAu=-IWAL 

161  PERM  IN  =  A  U  S  2 

162  21j  CCNTl'.uE 

lOj  *OtL  ^UNAX-Uu  )»1.>0  ./PI 

164  IFIRuLL.wT.I  3r.)  RGLL  =  k0t.L-360. 

165  IF CRoLL.LI . <-l6u.  ))  ROlL  =  R  CLL*  35  C • 

156  ARGLc-A 3 SCROLL) 

16  7  C 

16o  C  »G  N.jU  RATE-LIMIT  WHICHEVER  ANGLE  «€  GET  TO  RL MAX 

16V  C  OeG  PER  SEC... 

1  7  L  C 

171  IFCArOlL.LE. CSLMAX*STEP))  GO  TO  250 

172  ROLL =POLL»RLMAX*STtP/AROLL 

173  iFCAxOcL.LT.1EO.)  GO  TO  250 

174  C 

175  C  kOLL  TS  ESSENTIALLY  A  COMPLETE  FLIP  -  USE  PLuS/MINUS 

1 7  o  C  RLMAX  lit  TO  PL  R  F  FUNCTION  TO  CHECK  FOR  &EST  WAY 

177  C  10  N*KE  FLIPS 

1 7o  C 
179 
1  5  U 


IV  AL  =  75 

USTAk=uO*CRL«AA*STEP*PI/180.) 


13  1 

13  2 
1o3 

13  4 

it  i  c 

1  3  o 

13  / 
1HS 

isv 

1  v  g 

19  1 

192 

195 

194 
19  5 

196 
19? 

195 
195 
200 
201 

2  02 
205 

204  C 

205 
20b 

207 
20o 
205  C 
210  C 

21  1  C 
212 
*.13 

214 

215 

2  1b 

217 

2  1o 
215 

22  j 

22  1  C 

222  C 

223  C 

224 
22  a 

22  b 

22  7 
22o 

22  V 
2  5  J 

231 

232 

23  5 

234 

235  C 
2  5b 
257 
235 

239 

240 


1FCUSTAH.GT.PI)  JSIAR=USIAR-C2.0*PI) 
uSTAA?-Uu— CRLPAX*SrtP*PI  /ISO.) 

1FCJ5TAR2.L2.C-Pi))  USTAa2=U$TAR2*C2.0*P1) 

GO  TO  220 

250  C 0 5 T  i 'J U  E 

iFCPb'.il.i.oE.PcSFM)  60  TO  270 
PEA  FN  =  P  E  A  .i  IK 
J  n  I  N  -L  A*  J 
al;:i  a^aoll 

PLCI-rC,1)=USTAK*1oO./PI 

PLCI SFC,2)-Pt»Fsr 

PLCl5fC,3)-USTAR2*180./PI 

PLCISEC,4)=P£KF2 

PL  C l S  F  C  »  5 ) =GX 

PLCTSEC, o)=GY 

PLCI SEC, ?)=GZ 

PL  C 1 SFC, 26)  =  1FLA6 

PLCI  3CC,  ,7)  =5  *  CJ.HN-1  ) 

P  N  A  X  -  A  K  A  X 1  CPP.  AXfPEAFST  ,P£RF2  ) 

FN1N  =  *3lINl  CPft  Ili,PtAFST,PtRF2> 

270  CONTINUE 
2 SO  CONTINUE 

aOlL-UlM  in 

uC=Uu*(R0LL*Pl/130.) 

IFCUu.uT.PI)  U J  =  J  0- <  2 .0*  PI ) 

IFCUu.LE.C-Pl))  Uu=UJ+C2.0*PI) 

CALCULATE  THE  bEST  ACCELtRATION  4l THOUT  GUIDANCE  PLANE 

ACCX=CCTJ*COSCALFAU)— O0)*<COSGA*/*COSSIG))  — 

1  <  ct.jt  tu  »i  IN  C«  Lf  Ml)  )  )«<  sImC  UC)  •  Si  NO  A*  *COS  (UO)  * 

2  S1»!6AH*C03S  IG)  ) 

ACCY-CCT3*C0SCALFAu)-CG)»<C0SGAM«SlNSI6)>'* 

1  <  CL  J*  10  *3  IN  CALFaO)  >«C  SI  Mu0)«C0S6AB-C0S  CUO)* 

2  S  I'!*A;i«S  I. NS  lb)  ) 

ACCZ=(CTu*Cb5CALFAu)-Du)*SlNGAH)-<H0*G)« 
t  C  Ct  u  +  TC  *S  IN  CALF  AO)  )«COSu*3.»COSCU0)) 

AN JR A=sQRT CACCX»ACCX*AuCY*ACCY+ACCZ*ACCZ> 

STORt  PLOTTED  VAAIA8LE5 

PLCI  3U,  14  )=,,OA*t 
WLC  l  5  -  C  , 1 ? )  =  ANO A  rt/NO 
PLCI 5SC»5C)=GX1 
PLCIu'C.ul )  =  6Y1 
PLCI jtC,i2)=GZ1 
PLCliEC,33)-bOA.'i2 
FL(ISCC»34)=6X2 
PLCIiEC,55)=GY2 
PLCI SCC,36)=6Z2 

NOR-  AV-AY.  AX1  (NORMAA, N0KM1  , NO  AR  2  ) 

AN«AA=A.RAX1  CAN.1AX  ,  ANORJO 

290  CONTINUE 

1FCPHTE0)  GO  TO  500 
PRTE  6  =.TKUE. 

C0 1  =  CO  1 PTAFTbATF  cAb 
l  Chi  -  TPR  IN  T 


24  1 

242 

243 
<44 

245 

246 

n  t 
<48 
249 
£  S  0 
<5  1 
252 
2SJ 

254 

255 

256 

257 
256 
259 
26  U 
26  1 
262 
265 

264 

265 

266 
26  7 
268 

269 

270 

271 

272 

273 

274 

275 

276 

277 
276 
279 

cC  V 

<:o  1 
<8  2 
28  6 
284 
28  5 
286 

28  7 
288 
26  V 

29  0 
291 
29  2 
29  3 

294 

295 

296 

297 

298 

299 
iOO 


49rTtC<,31C/>  TPSI.vr 
•RIT;Co,i10>  T2RINT 

316  F0‘i.*!*r<2X,'S  TART  MANEUVER  ATT-  ',F6.2> 

CALL  BELLO) 

C 

SP.8AX  =  AW4Xl (PL (1 ,9) , PLC1 ,161 ,PLC 1,39)) 

5PMIu  =  Ar INI (PL  Cl ,9) f PLC1 . 10) ,PL(  1,39)1 

ALFHkX=AuFAO 

ALF  P  XN=ALFAO 

2"  AX  sMIM  (  X  3  (i  )  , XL ( 9  )  tXUC15>> 
2'»lN-«i1AAl(XU(3),X0(9),X0C15J> 

X*1AX  =  Vi  AXl(XG(1),XOC7),Xj(13)) 

XPlK  =  *hIM  (XU  Cl  )  ,X0C7)  ,XOC13)> 

Yi*  AX  =  1|‘,  A  X 1  (XL  (2)  ,  X  u  (  i  )  ,Xu(14)) 
l*INa7.11Nl  1X0(2)  ,XJO),XU(14)) 

VP  AX =VJ 
VHIN  =V0 
a» AX  =D0 
D*IN -DO 
LOSfl  AX  -0  .0 
C 

306  CONTINUE 

ACBAUSEC1=U6*18J./PI 
AC<  F  (ISEC)  =L  F 
AC11 (ISEC)=TPRINT 
AC  DP (  I  5  E  C  ,  1  ) - &  M I S 1 
ACDP (ISEC, 2 ) =DrtIS2 
C 

IF  CftOOtJ J.KSTEP)  .Nt.  0>  GO  TO  477 
WSITt  (2  ,  4  u  0  )  TP k  I  NT ,  0MIS1,  0KIS2 
GRITt  (6,400  )  TP « I NT  ,  DMXS1,  DMIS2 
iOO  rORKAT  I5X  ,  "TUIE  =  '  ,  F 10 .3 , 2  X  ,  'D  SE  P 1  =  ",G12.3,ZX, 

1  'PSEH2  =  '  ,  &1 2 .3  > 

C 

477  CONTINUE 

IF(  (  V9.LT.vrnC).  OR.  CV1.LT.  VTHl  )  .OR.  (V2  .LT.VTHl))  GO  TO 
IFCOBIS.LT.OTH)  gO  TO  520 
IF(Ta.LT.3.0)  GO  TO  480 
FLAG1=fLAG1.0S.CrPIS1.UT.OUP1) 

FLAG  <-  I  L/.G2  .OP.  <0  .nS2.uT.DU8  2) 

XF(FL*u1.AND.FLAG2)  GO  TO  540 
46U  CONTiNUE 

call  i.-.tuox 

TA=TA*iT£P 
J  J  =J  J  *1 

1FCI5CC.GE.X0)  GO  TO  530 
uO  lu  100 
C 

510  CONTINUE 

■  RITE  (2,515)  TPR  INT 
•RITE  (6,515)  TPRIhT 

515  FORISmTCIX,'**  A/C  OR  P1SSILE  VEL .  XS  TOO  LOW  % 

1  'AT  TIP  t:  '.F10.3,'  *•',/) 

GO  TO  60U 

c 

C  HIT  OCCURRED,  PRINT  OUT 

520  CONTINUE 

vRIT  c(2 , 525)  TPR  INI  ,DUIi1  ,  DUNZ 
kRITt(o,525)  TPR INI  ,  OUKl , D  UP  2 
525  FORT ATCTX, HIT  AT  TXrtE  =  ", 


510 


F10.3 
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301  1  '  •  /,5X, 'BEST  u  SEP  S  WERE  t:', 

302  2  ST.6,',  4  2:',6l5.o,/) 

303  60  TO  600 

504  C 

505  530  CONTINJE 

jJo  »RITL(2 , 535)  T  PR  1  NT 

30/  «CIT c<3, 3Jj)  TPR1NT 

jQt  535  fOKKAT(5A,'TI^li  LIMIT  AT  T  =  ',F6.2) 
jOV  (.0  TO  oOO 

31  u  C 

311  C  CLOSuPd  KATE  NEGATIVE  SOLUTION  —  PKINT  IT 

312  540  CONTINUE 

313  bPITt(2,544)  TPRlM,DUJM,DMlS1,DuK2tDMlS2 

314  «R  ITc(0,544)  TPR  INI  ,PUM1  ,D.H  SI  ,  0L‘12»0HIS2 

315  544  F0S<«aT(3a,'*»*«  CLOSURE  k  A  TF  NEGATIVE  At  TIME  *  '.F10.3, 

316  1  '****', /,5X,'TA1  :  dEST  DSEP  =  ',>*15.6,',  NCU  =  ',615.6,/, 

317  2  5 A  ,'T  A2  :  PEST  DSEP  =  '.G15.6,',  NO*  =  ',615. 6, /» 

318  60  T  0  600 

319  C 

320  600  CONTINUE 

j21  call  oell(1> 

522  C 

323  MEAD  (1 , 635 )  LOGIC 

324  lFCLvflC.Ea.  1EXIT )  RETURN 

325  N  10  —  o 

326  00  620  J  *1  ,N  10 

327  JJJ=J»6 

*26  xx=j»12 

32V  TEIP-XO(J) 

330  ’  FE.NP  1-xO  (JJ  J  > 

331  TEWPc-xO  (XX  ) 

332  IFCJ.Lr.5J  CO  TO  605 

333  1EHPMt*P»1  8U./PI 

334  TE.-1P  1  =  1  ErtPI  *1?J  ./PI 

335  IEPP<  =  TEfSP2*1?a./Pl 

336  605  CONTINUE 

33  7  wRITE(t,o10>  J  , Tt  PP  ,  J  J  J  ,  TEK«»1  ,  XX  ,  TEHP2 

5ic  »R1T  E(6,ilL  )  4  ,TEPP,JJJ,  1EMP1  »XX  ,  TE.1P2 

63V  olu  FOhp at  I2x ,'x u< II , ')  :  ', 613.4, 4 X, 

640  1  A .  I  f  U  ,  )  I  ,u1  6  ***,4X , 

64  1  2  '  X0  (',  It  »  ')  S  ',613.4) 

342  6  2U  CONTINUE 

343  C 

644  kRJTc  (?,625)  OLLXl ,OELT 1 ,6EL7 1 , U1I SI ,DUMl 

345  .PIT  t  (6,62  5  )  OE  LX  1  ,L  ELT 1  ,  i)E  L7  1  ,  «!1I  SI  ,  DUH 1 

3  4  o  6  25  FORMAT  (  /  ,  1 GX  ,'DELX  1 1  ',6 1 2 .3 , 2 X , '0  EL T 1  I  ',612.  i,/, 

547  1  1u  t  ,  D  cL1 1  •  ,  b  f «.  •  3  ,.X  ,  D  X  i  S 1  •  ,612.3,/, 

546  i  10*, 'BEST  OMIS  »hS  ',612.3) 

54  V  •  K 1  T  t  (2,630)  DELx2,DEi_Yt,i>ELZ2»OPlS2,0lM2 

550  .RITE  (6,630)  5ELXt,5ELTt,i>EL72,  u.’l  1  S2 , 0UM2 

55  1  630  FOR* AT (/,10X  ,  'OELXt:  ' , 6 1 2 . 3 ,2 X ,  '0  EL TZ :  ',612.3,/, 

352  1  10  X  ,  '  0  6L2  2  :  61 2. 3  ,2X  , 'D*  IS2  s  '.G12.3,/, 

553  2  TOx.'otST  OPIS  VAS  ',51 2.5) 

354  CALL  PELL (1  ) 

35  5  rE  AO (1 , 635 )  LOGIC 

356  1 F(LLC1C .EG .  1EXTT >  RETURN 

35  7  IF(LoClC.EO.  10  J  I*  )  GO  TO  660 

35  6  635  FOKIXaMAI) 

35V  C 

360  VRITl(6,631) 


361  631  fOKMAT(IHI) 

36  2  00  650  I-1.ISEC 

365  lF(lur(l,JJ).£i.J)  CALL  dELL(l) 

j64  if  (I  ,20  )  .EG.u  )  REA0(1,o33l  LOGIC 

365  1  FIL^C-i  C  .EC  .  IEX  I  f  )  RETURN 

j  6  6  IF  (L\>r-i  C  .  E  J  •  13  U I  <  )  GO  TO  660 

36?  -Pi  I  t  (<.,  alj)  ACT  I  (i)  ,ALJ*(  I)  ,  PL<  ;,d>  ,  PL<I,  33) 

363  636  EOR*  ATIU.'T  l.‘L  '  ,  f  5 . 2 , 3  A  , 'A  CB  A  F  S  .  2 , 2  X,  'LF  1 C  ',F8.1, 

36V  1  3x,'LE2C  '  ,  F6 . 1 ) 

3?0  6  50  CONTINUE 

3  ?  1  o6L  CONTINUE 

372  00  6/0  I  -1  ,  ISEC 

i ?  3  JR1T2<6,63?)  A C T I ( 1 )  , AC L F ( l)  , A C B A ( I ) r PL C 1 , 6 ) , PL ( I , 3 8) , 

37  V  1  PL(I  .  IV)  ,FLU  ,14)  ,PLC1,  11  )  ,  PLU,2il)  , 

375  2  {  ACO? (I, J > ,J*1 ,x) ,Fi(1,47> 

37  o  6  37  FORMAT (IX, 'T  I"L  =  '  ,  J  Pf  6 . 2 , 3  X  ,  '  A  CL  F  =  ',F5.1,3X, 

377  1  'ACoACDEG)  =  *  ,  F  5 . 2 , 3  A  ,  '  L  f  1  C  ■=  ',F8.1,3X, 

37S  2  'c  f  2  C  -  '  ,  Fo.2  ,3X  ,' NO.x’tU  >  =  6  1  1  .2  ,  /  ,  20  X  , 

37V  3  'aOkMKg)  =  ', GIT .2,3x,'ALP«A  =  ',FS  .2,  3X, 

38  (j  4  'DRAG  =  ',611.2,/ ,2uX,  'DMII1  =  TA<1>  =•  ', 

331  5  FS.u,5X,'0rm2  =  T  A ( 2  >  =  ',fV.2,5X, 

382  6  'LAM.aoAl  =  '.-2PF5.2,/) 

383  67J  CONTINUE 

384  C 

385  IPUM  =  CUT  IKE  (O)-ICPUTN 

386  «R  I  T  tUi‘3»)  IDUd 

33.’  mRITc(6,63V)  IOll.i 

386  63V  FORM ATv 4X ,' CPU  TIKE  (SECONDS)  =  ',I5,0PF5.0) 

38  9  C 

39  U  RETURN 

391  ’  ENO 
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2d  £ 
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ACOYn.94  -  rYOPIC,  HUL1IPLE  (T.O)  MISSILES 

USLS  IFsI.li,  r»=j.U  FCk  CO.U.CLS  FOR  FIRST  STEP, 

ThE;.  MANEUVERS  TO  FAXiMIZc  A  £  £  E  i_  L  K  A  T  I  09  IN  THE 
'oUiDA'ICc  PlAi.L'  AM  I-PAOPOK  T  i  0  N  A  L  L  T  TO  THE 
MISSILE'S  GUIDANCE 

TOK  COhOINATIOr;,  CHECK  ALL  POSSIBLE  ROLLS  (♦/-  60  DE6) 
F0’?  LAMbOA  OF  G  AND  1  0  NL  Y  TO  FIND  THE  MAA(UO)  OF 
Tnt  NlN(LAPbDA)  OF  : 

kLAMSDA*ACCEL(D01)S1)j*jC  1 1  -L  AMb  0  A  )  *  A  £  E  EL  COOT)  6  2)/ 

WHEN  ONE  MISSILE  HAS  MISSED  T nE  AIRCRAFT,  BEGIN 
TO  IGNORE  IT  -  I.E.,  SET  LAMBDA  TO  1  OR  0 

OEFInE  THREAT  ASSESSMENT  FOR  EACH  MISSILE  I  AS  A 
FUNCTION  OF  LAHoDA;  I.E. 

T  A  1  (  LA.  MP  0  A  )  =  IiHISUFINAL) 

TA2  £  LA Mb  DA)  =  DMIS2 (FINAL) 

ALL  MANEUVERS  ROLL-RATE  LIMITED  (RLMAX  DEGREES) 

LRITES  TO  THE  TERMINAL,  THEN  PRINTS 

KIC11  =  R  K 1 2  =  4.5 

STORAGE  FOR  UP  TO  100  ITERATIONS  AFTER  ONSET  OF  MANEUVER 

PLOTTFD  VARIABLES  ARE  - 

°L (,T )  =  USTAR  ( DEG) 

PL  £ ,2 )  *  PERFSTAK 

?l  (  ,3  )  =  US  TAR2  (DEG) 

"L < ,4  )  *  Pi R  F2 
°L  (  ,  5  )  *  GX  ) 

-•  jT  >  COMBINED  USING  LAMBDA 
°L  (  ,  7  )  a  G l  ) 

=  L FI  (COMMANDED) 

°L  (  #  9  )  =  SPECIFIC  ENERGY  < A 7C ) 

P  L  (  ,  7  u  )  =  St'.  fc.«.  (II  SSI  L  £  1) 

°L ( , 1 1  )  a  ALPnA  ( A/ £  > 

PL ( , 1 2  )  =  GAM.lA  (A/C) 

Pl(,13)  a  S I  on A  (A/C) 

pl(,K)  a  NURiiKG)  =  CGXl**2*&n*«2*GZl**i)»»0.S 
PL ( , 1 5 )  =  l  (A/C) 

PL  (  ,  1 6  )  =  AIRSPEEO  (A7C) 

PL ( f 1 7)  a  ST1  (L.U.G.  PITCH) 

PL  (  » 1 G  )  =  THETA1  (L.O.S.  TA.) 

P£(,19)  =  IJOF.M(ACLEL)  =  (  AX  «*  2  ♦  A  Y  *  *  2  ♦  AZ  *  *  c)  *  *0 .5 
PlC.ZO)  =  DRAG  (A/C) 

°L  (  » 2 1  )  =  l  (MISSILE  1) 

PL  (  » 22  )  =  X  (A/C) 

°L  (  ,  2  3  )  =  X  (•*.  I  S  S  l  Lt  1) 

Pl  (  ,24  )  =  Y  (A/C) 

°L  (  ,  2  5  >  =  r  (m  IS  SI  Lc  1) 

Pl(,2o)  =  I F  LaG  a  So,  ♦  FOR  USTAR,  -  FOR  USTAR2 
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61 

C 

°L  ( ,  2  7 ) 

- 

ST0T1 

62 

C 

Pl<,?U> 

= 

1 Htu  T  1 

6  J 

c 

“l  C , 2  9 ) 

= 

UGRr.1  (LCSuOI)  =  (  S  YS  T  1  «  •  2  +  T  HE  5  T  1  *  *  2  )  »  *0 . 5 

64 

c 

°LC,?J) 

- 

GX 1  ) 

65 

c 

°L  ( , 31  ) 

= 

Oil  )  nISSILE  1 

66 

c 

5L(,32) 

= 

Gil  ) 

67 

c 

"L(,3i) 

= 

NOR  M2 

6a 

c 

°L  C ,  3*,  ) 

= 

GX  2  > 

69 

c 

Pi.  < ,  5  3  ) 

GY  2  )  MISSILE  2 

7  L 

c 

PL  (  ,36) 

= 

GZ  2  ) 

71 

c 

°L(,  37) 

= 

N04N2  (LOS-DOT) 

7  2 

c 

rL (,5  a) 

= 

LF2C 

73 

c 

PL  (  ,  3  /  ) 

= 

SP.  IN.  (MISSILE  2) 

74 

c 

Pl (,4C) 

- 

SY2  (LOS  PITCH) 

75 

c 

°L  C  ,41  ) 

= 

T  H  t  T  A  2  (LOS  YAW) 

To 

c 

PL  C , 4  2  ) 

- 

X  (MISSILE  2) 

77 

c 

PL  C,43> 

= 

Y  (MISSILE  2) 

7 1 

c 

PL ( , 44  ) 

l  (kISSILc  2) 

7  V 

c 

PL(,4.‘> 

= 

SY0I2 

30 

c 

PL  C , 4  6 ) 

= 

the  »>t  2 

8  1 

c 

PL  <  ,  4  7 ) 

= 

LAKDA1  *  100. 

82 

c 

Pt  (  ,  4  o  ) 

= 

Gsri 

33 

c 

pl  ( ,49 ) 

= 

GTHl 

34 

c 

PL(,5J) 

GST2  • 

35 

c 

PL  (,51  ) 

= 

GTH2 

66 

c 

PL(,5t) 

= 

GSY  ) 

37 

c 

PL (.53) 

= 

GTri  )  COMBINED  USING  LAMBDA 

88 

c 

8  9  k  E  AL  *  c  STRINb.SDATE 

90  ■  INTEGER  CUT1.1E 

9  1  LOG  I  C  Al  P9TE0.L0.NCE 

92  COMMON  /PARK//  LONCE 

93  COMPuN  /PA*, 14/  XSEC,a.'lStf0MIS2,PRTei> 

94  C 

95  IDUP =CUT JrtE(U) 

9  o  CALL  Tl.*tOD  (STRIN6) 

97  CALL  DmT  t  (  S  DATE) 

93  «RITc(a,c6)  SOATE,  S  T  R I  N  u 

99  46  EOT.  .1  *t(  1  SX  ,4U  ( '*  ')  ACDYN.94  ',  40 ('*'),/ , 

1  0  J  1  5  1», \  ,,2X  ,Au,/  ,1H1  ) 

I'Jt  C 

IUZ  LONCa=. f AL3E  . 

1UI  f9v  C«LL  II,  IT 

1 J  4  CALL  VALUE 

1‘J  3  CALL  ■’LOUT  (  ) 

10a  CALL  PlOUTC  > 

ij;  c 

1Ua  uRIT  t  (l  ,  100  ) 

104  100  FORMATE'  ENTcF  0  To  STOP,  1  TO  R E I N I T I AL X Z E ,  2  ' 

1  1  0  1  '  F?n  >,0  IN  I  T  PRINT  ') 

111  CALL  ’cLLU) 

112  RE  AO  (1 ,110)  ISEC 

1  1  i  110  FOS-ATUI) 

114  I F ( I  $  PC. nE .0  )  GO  TO  999 

115  STOP 

1 1 6  END 


1 

2 

3 

4 

5 
o 
J 
5 
9 

1  C 
1  1 
t  2 

13 

14 

15 

16 
1  1 
16 

19 

20 

2  1 
22 

23 

24 

25 

26 

21  C 
26 
29 
50  C 
3  1 

32  C 
S3 
34 

33 

36 

37 

3  o 
39 

4  L 
4  1 
42 
4  3 

44 

45  C 

46 
4  7 

4  i- 
4v 

5  u 
5  1 
5  2 

.53  C 

34  C 

55  C 

56 
5  7 
56 

59 

60 


SUBROUTINE  VALUE 
lSIEufK  lO'k  <2  >  ,H  IGrt  (2  > 

SEAL  **u,  Lf  ,  LC,  Kl,  Lfl,  1.1,  l«0k»1t  LMAX,  L  .1 1  N  ,  MAXLF, 

1  NCSflU,  LOSMAX,  LF2,  l2  ,  N0R42,  LAKOAl,  LA.4DA2, 

2  NJ’r.G 

i.If'E-.RlO.N  ACD><1JG,2) 

LOO  I  l  L  PRIED,  F  L  A  0 1  ,  F  LAG  2 

i  9  T  F  u  c  K  CUT  IMF 

COMMON  /AMP/  Tu,4CSO,ALFaO,ClO,DC,LO.G,M0,CO1,CO2,CO3, 

1  RHU,ofcTAfCLAFUlSw,,DG1,002,pl1,CLAF1,S1,D11,RLMAX, 

2  3lc,IN.icSH,  =  k11,rtCl2,S1S1,ALFA1,CLl,Dl,Ll,ALSEAS 

3  ,  P  i  ,  T  AO  ,  TA  FIU  ,T  F  L  A  G  ,  .  2  A  2  ,ALFA2  ,Cl2  ,  D  2  ,  L  2 
COMMu*!  /FAK  r-  1  /  JJ.kSTEP 

COMMON  /  p  A  R  t*.  2  /  VT  IU  ,V  Thl  ,  0  TH  ,  T  STEP  ,  1CPUTM 
COM4  u  N  /PAKI'.j/  NJ,10 
COMMON  /  P  A  k  M  4  /  STEP 
common  / p a k m  j /  manuvr 

COMMON  /PA  k  >i  y  /  IStC,C4JS1,04XS2,PRTE9 
COMMON  /APRAY1/  X  C  1 1  6  )  ,  X  o  I  \(  1  S  ) 

COMMON  /cor.  T«  /  ACLF  CICu)  ,  AC-3  A(  10w)  ,ACTI  (  IOC)  ,  T  CHG  ,  L  F  ,  U  0  ,M  A  XL  F 
CO.IKoN  /  P  L  V  k  /  PL  (loO  ,5.)>  ,P.'.A  A  ,  PM  IN  ,LF!AX,LK1N  .SPMAX  , 

1  S  PM1N  ,AL  FI-  AX  ,„LF  Ml  N,N  JRF.AX,  2-!  AX,  ’.1 1  h,  VMAX  ,  VMIN  , 

2  D.'.Aa  ,  ,«  IN  , X  2. A  A  , X 4  1 1\  ,  Y M A  A  ,  T 4  1  N  ,  A r ;  A  X  ,  L OS  .5 A  X 
COMMON  /f.SL/  LF  1  ,  U1  ,  PSl  1  ,  THE  TA  1  ,  LF2 ,02  ,PSY  e.,  THLTA2, 

1  SY3T1  ,THc  OT  1  , S  Y  JT  2  , 1 H c. 0  T2 
COMMON  /SINCOS/  T  A  j  S  IN  C  3  o  0  )  ,  TAUCOSC360) 

EQUIVALENCE  (GAMA ,X0(5>)  ,  ( SIGMA, X0<6>> 

EQUIVALENCE  CV0,XG(4)),(V1,X0(10)),(v2,XC(16)) 

.  DATA  TtSTN  /1.0E  0/./ ,  lEAIT/'X'/,  IQUIK/'Q'/ 

COSft  A*=COS  (64»A> 

SING  AM-5  IN (GAMA) 

COSS  1  G  =  COS  (S  16HA) 

S IN  S i S  =  S  IN  (S  IGMA  ) 

COSS Yl=COS  (PSY1  ) 

COSS  Y,'  =  COS  (PST2) 

COS  T  n  T  =  CUS  (THETA1  ) 

COST  nC-COS  (THEIA2) 

Sir.  S  fY-S  .’J  CPSYI  ) 

SINS  I :  =  S IN (PSY2) 

-  I1.  Tri1=S  IN  (T  hF.  f  A 1  ) 

X  IN  Tri?  =  S  IN  <T  nETA2  > 

1  A -0 .0 
J  J  -0 

cm  i  =1 .0^10 
CUM  2  -  1 . 0  tl  0 
FL\G1=. FALSE. 

F  L  AG  t - • FALSE  . 

L  Ad  0  A1  -0 . 5 

FLAGU)  INDICATES  THAT  MISSILE  I  ALREADY  GOT  Ad  AY 

10G  CONTINUE 

I F ( F  c  A  0 1  )  L AnDAl =0.0 
IFCFlAo2)  LA. V  DAI =1 .0 
LAI  D  A  2  =  1 .O-LAMdAI 
IVAL  =50 


6  1 

6  2 
6  3 
i  A 
6  5 
66 
6  2 
6 1 

6  V 

7  C 

71 

72 

73 

74 

75 

76 

77 
7  c 
7  V 
30 
3  1 
22 
E  3 

5  4 

85  C 
3  6 
37 
3o 

6  V 
9U 

V  1 

V  2 
9  i 

94 

95 

96 
9  7 
96 

99  C 
10  0 

1 J 1 
1  U  2 
1  0;. 

104 

105 
1  J  u 
10? 

10. 

1  Ov 

1  1  0 
1 1 1 

112  C 

113  C 
11*.  C 
115 
lie 
117  C 
life  200 
1 1v 

120 


(PRINT  =t  a 

vca=vo*cosgak*cossig 
9'Jr  =wo*cnsuAr.«siNS  ig 

902  =#n  *S  IN  GA.*l 

9  1 X -  9  1 *COS (A. (11 ) )  *  C  0SC90C 12)) 
9l1=Vl*ftS(7LniJ)*Sir.tXu(12)> 
v 12  i *z  m ( xu  <1 1  ) ) 

92a=9?*CGS(Xo<17))«C3S(XJ<18)) 

92Y  =  9  COS  (X  g  07)  )»S  INCXu  C  13)) 

9  22  =V  2  * S  IN  CX  O  (1 7  )  ) 

9 P£  L  xl =VCX -V  1  X 
9R  EL  Y 1 -V JY-V 1 Y 
9»ELZl=V0Z-V1Z 

9RtL 11 =SuRT (VK£LXl*»2*2RtL11 »*2 ♦ VREL2 1 » *2) 

9  R  EL  A?=VCX— V  2X 
9RELY2-V0Y-V2Y 
9  R  EL  Z  2  =V  uZ  -V  2Z 

WRELT2  =  S(iRTCVRLLX2**2+9RcLX2**2  +  VR£L2?**2) 

DEL  X  1=XJ(1  )-X0  (7 ) 

DEL  Y  1=XO  C2)-XO(3 ) 

G EL  Z  1-X0 (3 ) -XO  <9  > 
uELX  c=a  J  (1  )  -  XO  (13) 

OELY  i=Xl)  (2  )-XO  (14) 

DEL2  t=Xj <3 )-X0  (1 5  ) 

DU«1=»rtIh1C6UP1,DniS1) 

0L'H2-RK1M  (0UP2,D.*.IS2) 

dY1S1=SGkT<GELX1**24(>cLY1**243ELZ1*»2) 

DHlSt=5Gr>T(0tLX<:**t43ELY2*»2»DcL22**2) 

OSVl-?.5«D.!IS1/VKELT1 

DSW2=9.5  *0,'ilS2/VfiELT2 

S1EP  =  a«lNl  (1STEP  ,DSV1  ,DSV2) 

2rjSr«-I,,1  (CMS1  ,  0  .1 X  S  2  ) 
l  F  (  JJ  .v»T.O)  r,ANUVK  =  1 
lF  =  1  .n 
UL AS T  =UO 
U0  =  0 .0 

IF(*  ANUVR.N  E  .  1  )  GO  TO  300 
uo=ul*st 

LF  <iXL  F 
ISEC-TSEC+I 

«X1  =  -  (ST  3  T  1  *GI.,SY1  «CuS  1  Hi  ♦  TH  ED  1 1  *  C  0  S  S  Y  1 »  S  I  NTH  1 ) 

GY  1  =  (  M  E  0  T  1 *CCSaYl*CCSTrt1  -  S Y D T1 « S I V S Y 1  * S I N T H 1 

G 2  1  =  G  Y  i)T  1  *C  OSS  Y  1 

.» C  k  *!  1  =  SGHTCGXl»Gx1  «•  GY1*6T1  4  G2l*GZ1) 

G  X  2  -  -  <sY  JT  9.  *G  I.,St2  *  CgS  THe  >  TH  ED  T2  *C  OS  S  Y  2*  S  I  f.TH  2) 
;Ti  =  r  rtcD  12*C  OSiY2*C  GaT,*2  -  SfD  I2*S1NS12*SINTH2 
G 22  -  sYCT2*CGSST2 

•SOn  'c  =  SORT  (C-X2*GX2  ♦  G»2»GY2  4-  GZ2*GZ2) 

IF  (ftuRrtl  .Gi.  tESTU.AN3.N0i,M2.6E -TLS  TN>  GO  TO  200 

NORM  TOO  SHALL,  NO  GUIDANCE  PLANE,  00  NOTHING  YET 

LF= ACLF ( ISEC-1 ) 

GO  TO  2  90 

C0NT1VJE 
oX1=gY1/nOHM1 
jY 1 =GY1 /NORM  1 


121  bZl^bZI/xORHI 

122  ^Xi=^i/nOkM 

12  3  bY2=bY2/H0RH2 

12m  bZ2  =  b.rc/NOAH2 

1  2  3  C 

12a  tO£.f  A1  =021  •  CCSbA.'l-jY  1  *5  I  hGm*  *5  IN  Slb-GXl ‘SI  *G  A.««C0SS16 

12/  COEFAl-CbEFA1*ILu'HC*SiNCALFA0)) 

12  t  £0tf=1=&r1*CoSj/>  .l-v,  X  1  »sl  :.GA* 

12V  C0EFl1-C0CFE1*(L0*IG*S.i..N(AlFA9)> 

1JU  C0£Fb1-((7j*L03(ALFAj)-9b)*(bI1i5lNGAH*GY1*CGSbAH*SlMS16 

131  1  +  o<1  «C0S6A:'*Cb!>iIb))  -  bZ1«/iO*G 

132  C 

IJi  C0£FA?=bZ2*C0  5,oAM-GT2*SI''>GAH»SIN$Ib— GX2*SIN6AH*C0SSIG 

13m  COE  F  a2-CcE  F  A  c  *  (LJ  +  7U*  S.1  N  CALF  AO)  1 

13b  COEFd2-GY2*COS3A,1-bX2»iH.GAN 

136  COEFa?-CuEFOZ*(Lu*fO*SIN(Al_FAP>) 

132  COEFL?  =  <(TU»CPS<ALFAJ)-Ou)*<bZ2*;>INGA»1+Gr2*C05GA,'1*SINSIG 

13b  2  ♦bX't*COSGAi'*CoSitb))  -  GZ2*H0*6 

13  9  C 

140  C  CHfcCu.  iVfcRY  ANGLE  CS  Y  OEGREE>  UlIHlN  ♦/-  RLMAX 

14  1  C 

142  NbLK=1 

143  l'RFHAX-0.0 

14  4  iuO=('Ju*1SO./pi)*1oO.- 

145  lF(U:.GT.idJ)  IUUMJG-ibO 

t4o  IF( luO.L  1.1  )  IUu  =  IoO*3ca 

147  IfUU'-nLKAX  ‘STEP 

143  LObC  1)  =  IU3-1.4PLL 

149  IF CLb* Cl i.GE.I )  bO  TO  210 

15b  •  N6L<=2 

151  L  OG  (  11-1 

152  LCW(t)  =  JcO*rJC-ISOLC 

153  HIGHl2)=36G 

15*.  210  CONTINUE 

155  nlGHlU-IUJMPOLL 

156  IF(H1GH(1).LE.J6U)  GO  TO  220 

15  2  N9L<=2 

15c  HIGH  11  )  ^  IU  J  +  IK0LL-56U 

13V  H  IGH  (?)  -36U 

Is..  L0«  (  t  )  -L OW  Cl) 

16  1  L'J.(1)  =  1 

Ifri  220  CONTINUE 

16*  UC  2c'  IJK=1,NdL< 

T  b  4  ISFR F=bO»(IJA) 

155  I E E  -  Hlb.ltlJK) 

1 6  t  30  2.’  I JG=I5TAT , IENO 

1 6  i  H  r  A  F  1  -  LOcrAl  *  7  4  3  L  C  3 ( IUb) ♦  C  3E  F  5 1  *  7  A  o  3 1  N  CIbO)  ♦  C  G  t  F  C  1 

la  j  AES  F  fcFA2*T/,UC0b  C  IUu)  *C  OE  FP2*  IAeSINIIU0)fC0eFC2 

169  ArS 1 -AaS (PER  FI )  : 

17u  A£G2=*iS  IPE7F2); 

121  IFCFLAal)  A0Sl=A6Sc*2.U 

1 72  IFCFlAgZ)  AU52=AUS1*2.0 

175  p ,1  F‘UN  =  AHI.il  (AilSI  ,A3S2) 

174  IF  IPK  FikIN.LE  .rRFNAX)  GO  10  230 

175  lFLAb=lVAL 

176  2  *  AX  =  TuO 

177  PRFM  A Y -Pk T.4  1 H 

17b  IF < AbEI .LE.AUS2)  GO  TO  230 

17/  !TtAb--IVAL 

18b  230  CONTINUE 


A-49 


lUl  un=FLOAT (IMAX-IE J )*Pl/18d. 

1fi2  C 

134  c  NOTE - l FLA 6  Is  POSITIVE  FOR  LAMBDA  =  1,  AMD  NEGATIVE 

is<.  C  FuR  LA^uOA  =  0 

1  3  S  C 

1  ci  o  P  L  (  1  sEC«2)=P£flF1 

1Y7  PL(1  srL, -)=Pi.RF2 

1)!e  PHI  sfL,26)  =  IFLAG 

Ifc  9  P!«AX  s.V.  AXt  (PF.AX  ,  PtKFI  ,PE  *F2» 

19  G  P*IN  =  «Mt  Ml  CPK  If!  ,Pt  KF  1  ,PE  KF2) 

IV  1  C 

192  C  CALCULATE  the  BEST  ACCELERATION  without  guidance  PL  A/IE 

19  3  C 

194  ACCX-CCTO*COS(ALFAu)-Dj)*(COSGA’,*COSSIG)>  — 

19i  1  (  tLo*  TO  »S  IMAwF  AQ)  »*(  >1n(UO)  *  SlNGAW*COS  CUa>  » 

1 9  o  2  sipga;:*cossi&)> 

197  ACCT  -  (  (  T  (i  *  CO  S  (ALF  A  0  )  —  DO  )  *  (  COSGAP  *SINS1G)  )♦ 

1  9  j  1  (  CLu  +  TO  *S  1*.  (AHAO)  )*  (  SlNCUit)  *  COSGAN-COS  (U0>  » 

199  2  s  J‘:gAM»S  ins  1G)  ) 

2  00  ACC 2  (T0*COS  CALFAu)-DO)*SINoArO  -(«0*G>4 

201  1  ( (LG+I0*SIL (AlFaO) )*CoSuAM*C.OS(UQ>) 

EOS  ANOR.V=SOilT  <A<.CX*ACCX«ACCT*ACCVMCCi*ACCZ) 

203  C 

204  C  STORc  PLOTTED  VARIABLES 

20j  C 

206  PHI  sFC,  14)=N0H«1 

207  PLCIo'C, 19HAN0RH/.X0 

td.  PL( luEC,30)=GX1 

tUV  PL(ISFC,31 >=GY1 

t1C  PHI  sFC, 321=6/1 

211  PL(IsEC»33)  =  NOR  1X2 

2  1  e  PHI  src,i4  >  =  GX2 

213  PL(IsFC»3S)=CY2 

214  PL ( l SFC, 36)=G72 

215  N0R.*i  AX  =  AMAX  1  (N’OiNAX.NCSHl  ,  ,\0fi.l2> 

216  ANNAA-ANAXI  (ANF.AXjANORN) 

217  C 

212  290  CONTINUE 

_1?  lMPnTc.1))  GO  TO  3CU 

2 2C  PR  J  >  U-. TRUc. 

E  2  1  C C  1  =  t’.’  1  ♦  T A  f  TdM  FLAG 

1 2  2  f  CH6  =  TP  0  IN  T 

22  3  «P  IT  ;  (E , ilU)  T  PR  I  NT 

_  2  4  .RllcCu.ilu)  TPR1NI 

t2S  310  F0R'aT(2X , 'START  KANEUVEft  AT  T  =  ',F6.2) 

e2  6  CALL  r>  E  L  L  (  3  ) 


22?  L 
22c 

S">PA*  =  A3AX1  (PHI 

,9) t PL (1 , 10) ?°L(  1 »  39 ) > 

e2  v 

S^U.-a’  INI  (PL  Cl 

,«) ,PL<1  ,1C)  f  PL (  1  *  3 9 ) ) 

25u 

ALFMmT-ALFAU 

E.S1 

AL  F  n  t  C  =  ALFAO 

.2  3  2 

2PAX  s».H  NT  (XO(i) 

,Xu(9),Xu<15)) 

23  3 

2«*;n  -AF.  AVI  (XU  (3) 

,Xu ( 9) ,Xu  C 15  )> 

234 

a^ax  =«xAa1 (XuCI) 

,Xj(7),TO(13)> 

235 

AP1N  -AiAIi.1  (XU(1  > 

,Xu( 7 ) ,Xu(13i  > 

236 

t  -  AX  -  AaI  (Xu  (21 

,Xu(o)tXu(14)> 

237 

T-IV -A;SJN1  (XL  (2) 

,Xu(u),Xj(14)) 

2  53 

V  P  AX =VO 

23V 

VKIN  =vu 

e4G 

UMAX  =  CO 

241  (HINDOO 

242  L0SRAX=0«0 

243  C 

244  300  CONTINUE 

c.45  U.MUir-C)=UO*1'iu./Pl 

24o  ACL  F(I»EC)-LF 

2<,7  «Cl  I  ll4tC>*TPBI«r 

,;U  AO'IISEC,  1  )=b.MIS1 

24  9  ACDK(IiEC,2)=D.H:»2 

250  C 

251  IF  (.Ob  ( J  J  ,  kSTEP  >  .NE.  0>  GO  TO  477 

i'll  «Rirt  (Z,4G0)  TPrtl.T,  0*1  SI,  0MIS2 

253  wRITt  (0,400)  TPKIl.T,  'JMIS1,  0.11  S2 

254  400  format  (0)t,'ri,iC  =  '  ,F1Ci  .3 ,2X,  '0  SEP1  =  ',G12.3,2X, 

255  1  '0SEP2  =  ',G12.3i 

25  o  C 

25/  a/7  CONTINUE 

25  s  1F(  <  VP.LT.VT  nPKOR.  (Vl.LT.VTHl  )  ,0R.(V2  ,LT.VTH1>)  GO  TO  510 

259  IF(D<>.1S.L1  .OTH)  GO  TO  52U 

cb  b  lF(TA.i_T.3.0>  GO  TO  430 

251  FLAGl^FLAGI.OR.O'iST.GT.OURI) 

262  FLA6«.rFLAG2,0R,(0.‘,IS2,6T  ,  D  UM  2  ) 

253  1 F ( F t«u1 .AN D  .  F LAu2)  GO  TO  540 

264  480  CONTINUE 

26 5  CALL  IuTtiOX 

266  T  A  =  T  A*i T  EP 

26/  JJ=JJ+1 

263  lFtTSEC.GE.IO)  GO  TO  530 

26 V  GO  TO  1 OU 

270  C 

271  510  CONTINUE 

27 2  .RITt  <2,515  >  TPRINT 

273  »R IT  c  (6,515)  TPRINT 

274  515  FOR*  *T(Ta,"««  A/C  OR  USSILE  VcL  .  IS  TOO  LOW  ', 

275  1  'AT  TIME:  ',F10.3,'  *«',/> 

2/6  GO  TO  500 

277  C 

27c  C  HIT  uTCUrRED,  PRINT  OUT 

2  7  >  5  20  CONTINUE 

28'.  »FITc(2,52  3)  Ti»3INT,0U7.1,0UJ!2 

231  mP 11 l  (  o  ,  32  5  >  IPk III ,b0nl ,DLM2 

2,2  525  FORM 4T (1  A ,'••»»*  HIT  AT  TINE  =  '.F10.3, 

2/i  1  '  **•*«' ,/,5 A ,'PESI  U  SEP  S  GERE  1:', 

2 3**  2  615,5,',  i  2:  ,u15,0»/)  * 

2/5  uO  TO  500 

286  C 

c“7  530  CONTINUE 

256  •  R  1  T  c  <  2 , 53  5 )  TPRINT 

28V  ,R1Tc<6,535)  TPRINT 

2VL  535  FORMAT  (5a*'T1PG  LIMIT  AT  T  =  ',T6.2) 

2/1  GO  TO  5011 

2V2  C 

293  C  CLOSURE  RATE  NEGATIVE  SOLUTION  --  PRINT  IT 

29  4  5  4u  CONTINUE 

295  .RlTo(2,544  )  TPR  l  NT  ,  U’JP  1 , 0  hi  Si  ,  0  'JPZ  ,  ON  I  S2 

29  6  ,RITl(5,j44>  TPR  I  f.T  ,0  Ufll  ,  0  r.I  61  ,  C  O'*  2  ,  OP  I S  2 

29  7  542  FOiC'.ATC  Tx  ,'*«*»  CLOSURl  MATE  NEGATIVE  AT  TINE  =  ',M0.3, 

29c  T  /,5X,'TAl  :  dEGT  bSEP  =  ',G15.o,',  NOW  =  ',G15.6,7, 

299  2  5 A  ,'T  a2  j  DcSI  OSEP  =  ',615. 6,',  NO,  =  ',61j.6,/> 

30U  GO  TO  600 


-SOI  c 

302  coo  costivue 

503  CALL  PlLLCI) 

504  C 

50  5  *FA:j(t,  635  )  LOGIC 

yje  IF  CLuGIC.EG  .  UX  IT  1  Ff  c  TO  R  S 

507  1*10=0 

5  OS  00  6 lO  J=l,MO 

50V  J  J  J =  J*6 

3  1  0  MC=J*12 

311  rcs.P=ro(j) 

512  TE.'IP1=A0(JJJ) 

513  TEM°c  =  XO<KIC) 

314  IFIJ.LT. 3)  GO  TO  605 

315  TeRP*Ti;iP»160./PI 

316  TEMP  |  - T  EFiP  1  *  I  ®0  •  / P  l 

317  1E4P2=TEmP2*  IEJ./PI 
jld  6  05  COMIKuE 

S"*  WRX  T  t<2,61‘J  )  J  ,T£«P,JJJ,  TEMPI  ,K!C  ,TENP2 

520  *RITl<o,51G)  J,l£MP,J  JJ,  TE'*P1,KK  .TEMP2 

521  6  1 G  FORMaT  <2a,'X..<',X1%')  ;  ',G13.4,4X, 

322  1  '*0C',I2,')r  ',613. 4, 4X, 

323  c  'xOC',1 2,'):  ',<,13 .4) 

524  620  CONTINUE 

325  C 

326  WRITE  <2, 625)  OE LX  1 ,0  ELY  1 , 0EL7 1 , DH I  SI , DUKl 

32 7  .RITE  16,625)  0£ lX 1 , 0 E LY I , OE LZ 1 , Orti S 1 , iMJrt 1 

52o  625  FORMAT  (/ ,1.JX  ,*DELX1:  '  ,G  1  2 .3 , 2X  ,  'DLL  Y1  :  ',012.3,/* 

321  1  lOX.'OCLZI:  ',012.3 , LX, '0MIS1 s  ',612.3,/, 

33  J  -2  12*,'dtsr  op  IS  WAS  ',612.3) 

331  .RITE  <2,4501  DELX<.,C£LY2,6£LZ2,1<MIS2,DUM2 

33  2  ORXTt  <5,630  1  DtLX2,0ELT2,GELZ2,i/MlS2,DUM2 

333  630  fO<?.’!AT(/,tux  ,  'QELX2:  ',612. 3, 2X,  'BELT?;  ',612.3,/, 

334  1  10x,'DtLZ2:  ',G12.5,AX,'0rMS2:  '.G12.5,/, 

335  2  IQX.'licST  G/.IS  WAS  '.G12.31 

55  o  CALL  FELL<1! 

537  KEA6<1,6351  LOGIC 

336  IFCLuGlC.EG.  IEX1T1  RETURN 

53V  ] F <LoCi C.cO.  IGJI* 1  GO  TO  660 

34 U  635  FORM  AT < All 

34  1  C 

342  00  650  I =1  ,  IS  EC 

3  43  I  F  <  m  y  *  { I  ,20)  .E'l.Ol  CALL  dELL  <  1 1 

544  lF<"u?Cl,2u).E'«.J)  REA0<1 ,6551  LOGIC 

54  5  1  FIL..TI  C.EO. 1FX  I  T  1  RcTURii 

540  IFCLlEXC.EG.  I  'JO  I  a  1  GO  TO  600 

54  7  .91  T  t<2,  5361  A  C  T  I  <  XI  ,  ACU  A  <  J  1  ,  r  <  :  ,  j  )  ,  °L  <  X  ,  33  1 

5  4  v.  63l  f  OSI-  AT  <1  X  ,'T  XF*L  ',F5.2,3X,'AC2-  F  3  .2 , 3  X, 'L  F  1  C  ',F£.1, 

j4V  1  3*,'LF2C  '.F3.11 

550  6  5u  COST  i  VO  E 

35  1  66u  CONTINUE 

352  wRXTt(c,441l 

353  641  F  On" .T  < 1  Hi  1 

354  L0e?:>I=1,ISEC 

355  •RXTt<0,o37)  ACT  X < A> , AC LF < I ) , A C 9  A C I ) , PL < X , 6 ) , PL <1 , 361 , 

356  I  Pl(X , 1?1 ,Pt<X , Tv) , PL<i , 11 ) , PL <1 ,20) , 

35  7  2  t  AC3«  <1  ,  J  1  ,  J=1  ,,.)  ,FL<i.,47) 

55  o  637  FOAMaTCIx.'T  i:>£  =  ',  u  PF6 . 2 , 3  X  ,  'A  CLF  =  ',F5.1,3x, 

35y  1  'ACtAOEG)  -  ',F6.2 ,3x, 'LF1C  =  ',FB.1,3X, 

36  C  2  'lFxC  =  '  ,F3.2  ,3X  ,  'NOR^CAl  =  ', 6 1 1 . 2,  / , 20 X , 


561  5  G11 .2 ,ix, 'ALPHA  =  ',F5.2,3!l, 

552  4  A  j  —  '»Gl1«t,/,2CjXt  6  3  l  S 1  -  T  A  (  1  >  -  t 

565  5  fV.t,3<i'HSlI2  -  TAC2)  =  ',F9.2,5X, 

666  6  ~LANril<A1  -  2PF5-2,/) 

56 i  6  76  CJwTiVJE 

566  C 

56/  I  DU.1  =  CUT  lilt  (  J  )-lCPUTFI 

56c  -Hi  T  L(t,  i.5V)  IOIM 

66V  »RI  T l(6 ,63 V  )  IDUH 

5/u  aJy  fOMIAT  14X  ,'C?U  tint  (StCcNjS)  =  ",  i  5  «  3P  f  5 . 0) 

5/1  C 

5/2  kETUrfN 

575  END 


